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INTRODUCTION 
In the past, ruminant nutritionists have expressed protein require­
ments in terms of crude protein or digestible protein and have largely 
ignored protein quality (patterns and levels of available amino acids)• 
In theory, dietary proteins per se should not be of importance because 
of the great synthetic activity of the rumen. Rumen microorganisms are 
capable of degrading feed protein and using nonprotein nitrogen to 
assimilate high quality microbial protein. 
Experiments conducted in the 1940's pointed to the usefulness of 
nonprotein nitrogen sources in the diets of ruminants. When urea became 
available at a very low cost (relative to natural protein) research was 
directed to find optimum levels and conditions of urea usage. Purified 
diet studies showed that the rumen microbes can synthesize all metabcl— 
ically essential amino acids entirely from nonprotein nitrogen. Also, it 
was found that the majority of the microbes require ammonia as a nitrogen 
source, and that feed nitrogen (either preformed protein or nonprotein 
nitrogen) has to be converted to ammonia in order for the majority of 
bacterial species to utilize it. 
Although urea can be successfully utilized by ruminants, there are 
limits to its use. In attempts to improve urea-based supplements, 
scientists have had only occasional success in adding pure sources of 
individual amino acids. More impressive results have been obtained when 
supplements of preformed protein were fed in the diet along with urea. 
Thus, there were apparently unidentified factors in quality protein feeds 
that stimulated growth, or production, beyond that which could be obtained 
by adding individual amino acids or more total nitrogen per se. 
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The rumen microbes degrade dietary nitrogen to give off free ammonia, 
which is then used for microbial protein synthesis. Some of the dietary 
preformed protein will escape microbial degradation. This undegraded 
dietary protein passes out of the rumen along with the microbes, and these 
two sources of protein are then available for post-ruminal digestion and 
absorption. Although these facts have been known for several years, 
little emphasis has been placed on the importance of this preformed 
protein in supplementing microbial protein at the site of absorption. 
If the right balance of amino acids can be offered at the site of 
absorption, this will result in more efficient use of protein, and 
should show up as improved performance of the animal. Therefore, the 
purpose of these studies was to determine the nutritional significance 
of dietary preformed protein or amino acid supplements in diets of 
feeder lambs. 
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REVIEW OF LITERATURE 
Nitrogen Metabolism in the Rumen 
Several review articles have been published from time to time on the 
subject of nitrogen metabolism in the rumen. Because of the importance 
of this subject relative to the studies reported herein, a short review 
of selected works is presented here. 
Many research workers dealing with nitrogen metabolism in ruminants 
arrive at a point where they construct a scheme to describe their concept 
of nitrogen utilization in this animal (Chalmers and Synge, 1954; Annison 
and Lewis, 1959; Preston, 1970; Purser, 1970a). One such scheme is shown 
in Figure 1. 
Under natural conditions the ruminant diet contains both protein and 
nonprotein nitrogen (NPN). This fact was established early by Hart and 
Bentley (1915). In fresh forages, up to 30% of the nitrogen may be in the 
form of NPN (Miller, 1939; Brady, 1960). Pearson and Smith (1943) 
presented data indicating that ingested proteins, as well as NPN, are 
first digested to ammonia which is in turn utilized for synthesis of 
bacterial proteins. Annison (1956) demonstrated the presence of measur­
able quantities of peptides and amino acids in rumen contents, indicating 
that proteolysis is the first step in the digestion of proteins in the 
rumen. McDonald (1948) presented an outline of the main pathways of 
nitrogen metabolism in the rumen of sheep, and produced experimental 
evidence to support his hypothesis that a nitrogen cycle is established 
as a result of the normal digestive processes in the rumen. He demon­
strated that ammonia may be directly absorbed into the venous blood 
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leaving the rumen. Lewis (1957) provided evidence that blood urea concen­
tration could be correlated with rumen ammonia levels. Urea enters the 
rumen in the saliva (McDonald, 1948; Somers, 1961) and also by diffusion 
across the rumen wall (Houpt, 1959; Cocimano and Leng, 1967). Under 
optimum conditions much of the ammonia formed in the rumen is used by micro­
organisms for protein synthesis; however, if the level of free ammonia in 
the rumen is in excess a considerable loss of dietary nitrogen may occur. 
The extent of protein breakdown in the rumen can differ widely with 
different proteins fed. McDonald (1954) reported that 40% of zein was 
degraded in the rumen and McDonald and Hall (1957) found that 90% of 
casein was broken down. 
That tissues of ruminant animals have a requirement for certain amino 
acids was shown by Black, Kleiber and Smith (1952) . Loosli ejt (1949) 
demonstrated that all of these essential amino acids can be synthesized by 
the rumen microbes. 
It is assumed that, posterior to the rumen, nitrogen metabolism in 
the ruminant animal is largely the same as in nonruminants. The ruminant 
animal may place more emphasis on gluconeogenesis from amino acids (Berg­
man, Roe and Kon, 1966; Egan and Black, 1968). There appear to be no 
qualitative differences, however, between ruminant and noniniminant mammals 
in the essential features of nitrogen metabolism in the various tissues of 
the body. 
Microorganisms as a Source of Protein for the Ruminant 
The protein that is ultimately available for use by the ruminant 
animal is of two sources: microbial protein and undegraded feed protein. 
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The free amino acids in rumen contents usually have such a low concentra­
tion that they do not form an important source of nutrients to the 
ruminant, either by absorption from the rumen or by flow to the abomasum. 
Amino acid composition of rumen microorganisms has been studied by 
several researchers. McNaught ^  al. (1954) studied the quality of 
microbial protein and obtained values of 74, 81 and 60 for bacterial True 
Digestibility (TD), Biological Value (BV) and Net Protein Utilization 
(NPU), respectively, and 90, 80 and 73 for protozoal TD, BV and NPU, 
respectively. These values have been confirmed by Bergen, Purser and 
Cline (1968). It has not been possible to demonstrate differences as yet 
between quality values for microbial protein from cattle fed different 
rations or maintained under different experimental conditions. 
The amino acids isoleucine, leucine, lysine, methionine, phenylala­
nine, tyrosine, threonine, valine and histidine have been shown to be 
metabolically essential to the ruminant (Black et al., 1957; Downes, 
1961). Prior to this, Loosli et (1949) had shown that these amino 
acids could be synthesized from urea by the rumen microorganisms. In 
1953, Duncan et al. published amino acid composition data obtained from 
preparations from cattle fed four different dietary regimes and, in 1957, 
Weller presented similar data and included values for both the protozoa 
and bacteria. 
Purser (1970b) observed that the reported amino acid compositions of 
rumen microorganisms are strikingly similar. He pointed out that there is 
close agreement between the amino acid analyses of bacterial protein as 
determined by Weller (1957) and as determined for 22 individual strains of 
bacteria (Purser and Buechler, 1966). Purser also pointed out the 
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excellent agreement in amino acid analyses of bacterial protein from 
animals receiving four different rations (Bergen et al., 1968). In this 
study, ration 1 was a low-protein ration with most of the nitrogen as 
urea, ration 2 consisted mainly of alfalfa and shelled com, ration 3 
contained alfalfa and 20% cobs (high-roughage) and ration 4 contained 
shelled com and soybean meal (all-concentrate) . The bulk amino acid 
composition of the microbial protein remained remarkably constant even 
under these diverse dietary conditions. 
A similar type bulk relationship can be observed with the bulk amino 
acid composition of rumen protozoa. Purser (1970b) plotted values 
obtained by Weller (1957) against values obtained by Purser and Buechler 
(1966). These analyses were obtained in two different countries, 9 years 
apart in time, and yet had a correlation coefficient of 0.99 (P<.001). 
When one compares the amino acid composition of bacteria and protozoa 
it is noted that lysine, leucine, phenylalanine and tyrosine are slightly 
higher in protozoa (Table 1). 
Table 1. Amino acid composition of rumen bacteria and rumen protozoa 
(g/100 g total amino acids)® 
Amino acid Bacteria Protozoa 
Threonine 5.4 4.9 
Valine 6.7 5.3 
Methionine 2.9 2.2 
Isoleucine 6.3 7.0 
Leucine 7.4 8.2 
Phenylalanine 5.0 6.1 
Lysine 8.6 10.0 
Histidine 2.1 2.0 
Tyrosine 4.3 4.8 
Arginine 5.2 4.8 
Cystine 1.0 1.3 
^Data from Purser and Buechler, 1966. 
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Although amino acid makeup, or quality, of microbial protein does not 
appear to vary with different ration types or protein sources, the 
quantity of microbial protein synthesized in the rumen may be influenced 
by ration factors. The output of microbial protein from the rumen is a 
function of the amount of organic matter fermented in the rumen and thus 
of the amount of energy available to the microbes for their growth. 
Hungate (1966) and Walker (1965) noted that since the rumen is anaerobic 
there is a limit upon the maximum possible conversion of dietary nitrogen 
to microbial cellular material. Hungate calculated a maximum cell yield 
of 15% of the substrate fermented, which is equivalent to 9.84% protein 
yield. Hogan and Weston (1967) calculated somewhat less than 15 g of 
microbial protein synthesized for each 100 g of organic matter digested 
in the rumen; this value is roughly in accord with that obtained by 
Walker (1965). Hungate suggested a range of 10 to 20% cell yield. 
Burroughs, Trenkle and Vetter (1971), using data from research by Wolf 
(1967), suggested that the maximum amount of microbial protein leaving 
the rumen and entering the abomasum of feedlot cattle is approximately 
50 grams per kilogram of feed concentrate dry matter consumed. 
This would suggest that under conditions of limited feed intake, 
an animal may have difficulty in satisfying his abomasal need for amino 
acids from microbial protein. Such conditions may exist because of 
limited feed capacity in the lighter animal or because of intake of large 
amounts of low quality materials which would limit total fermentation. 
Thus, if there is a limit to the amount of microbial protein that can be 
synthesized due to lower intakes or lower digestibilities, the ration 
protein that escapes degradation in the rumen becomes of more importance 
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in supplying a portion of the total amino acid requirement of that 
animal. 
Value of Supplemental Amino Acids in Ruminant Diets 
Many attempts have been made at improving performance of ruminants 
by supplementing amino acids in the diet. Results have been quite 
variable, and for the most part no improvement in performance of the 
animals was noted. Loosli and Harris (1945) demonstrated an improvement 
in daily gain and nitrogen balance when methionine was supplemented in 
a lamb ration. In their experiments, the addition of methionine to a 
urea-basal diet increased gains (0.17 lb/lamb/day vs 0.28 Ib/lamb/day), 
whereas the addition of sulfate sulfur had no effect on average daily 
gain. Substitution of linseed meal for urea resulted in a doubling of 
average daily gain (0.17 Ib/lamb/day vs 0.31 Ib/lamb/day). In further 
experiments. Lofgreen, Loosli and Maynard (1947) reported that the 
addition of 0.2% methionine to a ration containing 10% protein with urea 
furnishing 40% of the total nitrogen significantly increased nitrogen 
retained by lambs. 
Gairrigus et^ (1950) tested the value of elemental sulfur versus 
methionine in a methionine deficient sheep ration. These researchers fed 
a basal ration calculated to be low in sulfur-bearing amino acids, and 
supplemented either 0.5% elemental sulfur or 0.5% methionine. The average 
gain between the basal and sulfur supplemented lambs, while nonsignifi­
cant, was in favor of the sulfur supplemented treatment. The average 
gain of the methionine supplemented lambs was significantly (P<.01) greater 
than that of the basal fed lambs. The weight of wool produced was 
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significantly greater for both the sulfur supplemented (P<.05) and the 
methionine supplemented (P<.01) lambs. 
Klosterman al. (1950) used double reversal nitrogen balance 
studies to test the effect of methionine supplementation upon the 
utilization of pea and alfalfa proteins by sheep. In these experiments 
mature ewes were used. When all biological values obtained were adjusted 
by regression to a constant protein intake there was a significant differ­
ence in favor of rations supplemented with methionine versus those not 
supplemented. In further experiments with growing ewe lambs, this 
research group found that supplemental DL-methionine was of no benefit 
when added to a ration of wheat straw, cane molasses, field peas, 
cerelose, dicalcium phosphate and salt (Klosterman, Bolin and Dinusson, 
1951). In a second experiment, yearling ewes were offered a ration of 
wheat straw, cane molasses, yellow corn, urea, dicalcium phosphate and 
salt. The addition of 0.2% DL-methionine was also of no benefit in this 
experiment. 
Gallup, Pope and Whitehair (1952) supplemented a low protein ration 
(7.2% crude protein) with 3 or 6 g of methionine per lamb per day and 
failed to improve performance. When methionine was added to a urea ration 
(10.2% crude protein) at the rate of 1.6, 2 and 3 g per day, it improved 
the average digestibility of nutrients and nitrogen utilization; these 
differences were not, however, statistically significant. 
Sharks et (1954) reported an experiment in which 40 growing-
fattening lambs were fed a purified ration to study utilization of 
inorganic sulfur and urea. The basal ration, containing 0.054% sulfur 
with 92% of the nitrogen from urea, was supplemented with 3 graded levels 
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of elemental sulfur (0.2%, 0.4% and 0.6%), sodium sulfate (0.89%, 1.33% 
and 1.78%) and DL-methionine (0.2%, 0.5% and 0.7%). Weight gains and 
wool growth were increased by the addition of these supplements (P<.001). 
There were no statistically significant differences among sulfur sources 
or levels within each source. 
In three feedlot trials urea and soybean meal, alone and in combina­
tion with methionine, were compared as nitrogen supplements to a low-
protein basal ration for fattening lambs (Noble, Pope and Gallup, 1955). 
The basal and supplemented rations were similar in TDN and contained 
about 8.5 and 11% protein, respectively. Methionine and urea added 
separately failed to improve rate of gain; when added in combination they 
increased slightly the daily gain in each trial, but the increases were 
not statistically significant. Soybean meal, as a supplement to the 
basal ration, consistently improved rate of gain and feed efficiency. 
Addition of methionine to the soybean meal ration was without effect. 
Barbers, Oltjen and Tillman (1961) found no significant effects on 
gain and efficiency in sheep when they added 445 mg of L-lysine per pound 
of diet to a high-energy ration composed primarily of milo and cottonseed 
meal. Lysine supplementation did not have a significant effect on gains 
of sheep fed a purified diet in which the nitrogen source was crystalline 
urea. Gossett et al. (1962) reported that 10 g of lysine per steer daily 
was of no benefit either singly or in combination with methionine when 
added to a 32% supplement containing natural protein. Lysine was of some 
benefit (nonsignificant) when added to a 64% supplement. In the same 
study, methionine improved the 64% supplement slightly but not to the 
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extent of lysine. Methionine analog was of no benefit at the 5 g level 
and gave a significant depression in rate of gain at the 10 g level. 
Preston, Whitelaw and MacLead (1964) conducted nitrogen balance 
studies on eight early-weaned calves receiving diets containing, respec­
tively, groundnut meal, groundnut + lysine, and groundnut + methionine. 
There were no significant differences between the groundnut meal diets 
in any of the measurements examined. 
Burroughs ^  al. (1970a) reported that com-urea-cob finishing rations 
in three cattle trials were benefited (increased liveweight gains and feed 
efficiency) by both lysine and methionine supplementation, when grain con­
sumption was below 13 to 15 lb per animal daily. No effect from amino 
acid supplementation was noted after this initial period. These results 
were explained on the basis that the type of diet fed was deficient in 
supplying amino acids needed to promote most rapid and efficient gains. 
When corn consumption was greater than 13 to 15 lb per day, the com 
protein plus the urea was adequate to meet amino acid needs. 
In reviewing the literature on amino acid supplementation to 
ruminants it is difficult to explain the variable results found in the 
many reports. Purified diet studies, in which urea furnishes the bulk 
of the nitrogen, generally show some benefit from amino acid additions. 
Also, rations which are low in sulfur often show an advantage when 
methionine is added, but this is perhaps due to the sulfur content of 
methionine. It may be, in several studies, that an initial response is 
noted upon amino acid supplementation, but the response is not carried 
throughout the feeding period. Thus, even though there was a real 
response in the initial phase, this response was no longer apparent at 
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the termination of the study. Finally, it is generally accepted that 
amino acids in their pure form are quite soluble in the rumen. Thus, 
even though amino acids are supplemented in the diet they are broken 
down in the rumen and are not available as such to the animal. 
Significance of Protein Solubility in the Rumen 
Ruminant animals have the unique ability to use a wide variety of 
nitrogenous compounds, both protein and nonprotein. Some experimental 
evidence would indicate that several different sources of nitrogen are 
of equal value for ruminants. This fact has been interpreted by several 
workers to indicate that protein quality per se is not a significant 
factor in ruminant nutrition. In fact, in a recent bulletin from the 
National Research Council (NRC, 1968) is the statement: "Quality of 
protein (level and balance of the amino acids) is not a critical factor 
in sheep nutrition." Though there are numerous reports in the literature 
which have not shown a difference among a wide variety of proteins, there 
is also considerable evidence to indicate that all proteins are not of 
equal value in ruminant rations. 
Johnson et al. (1942) studied the addition of urea, soybean meal or 
casein to a basal diet containing approximately 6% crude protein. The 
addition of urea to the basal ration in amounts to produce the equivalent 
of 12% crude protein induced a nitrogen retention in growing lambs that 
could not be bettered by further urea additions, but could be bettered by 
raising tLe true protein of the diet. These workers theorized that the 
conversion of urea in the paunch did not proceed at a.sufficient rate to 
cover protein requirements of the growing lamb. 
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Miller and Morrison (1942) used data from over 325 nitrogen-balance 
determinations to conclude that for lambs there is little or no difference 
in the quality of protein furnished by most feeding stuffs. In their 
studies, soybean meal, linseed meal, corn gluten meal, casein and dried 
skimmilk provided protein of about equal value when used as a supplement 
with com plus either corn stover or com silage as the roughage. These 
same workers (1944) compared raw soybeans, solvent-processed soybean oil 
meal and "toasted" solvent-processed soybean meal and found the protein of 
raw soybeans and unextracted soybean flakes was less digestible than 
protein from the other sources tested. 
Johnson ejt (1944) suggested that the ruminant animal actually 
would digest approximately the same type or quality of protein irrespective 
of the nitrogen source, provided the total nitrogen consumed did not exceed 
the maximum amount which the microorganisms could utilize. Nitrogen in 
excess of that required by the microorganisms should have a biological 
value for the ruminant comparable to that of a nonruminant of similar 
requirement, according to this theory. Their theory did not take into 
account any differences in solubilities of various proteins and assumed 
that the microbes break down protein according to their needs. 
In 1947, Lofgreen et al. reported that lambs utilized egg protein 
significantly better than linseed meal protein or that synthesized from 
urea. These researchers made some interesting observations on the reasons 
for these differences, and suggested that the quality of protein as fed in 
the rations of lambs may Indeed be of importance under certain conditions. 
Further, they theorized that the nitrogen actually available to the animal 
for physiological needs may fluctuate considerably in the proportion of 
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dietary and bacterial protein, thus partially explaining the comparatively 
high biological value of egg protein and variations reported for other 
feed combinations. 
Hamilton, Robinson and Johnson (1948) studied the utilization of urea 
nitrogen with that of some feed protein by sheep, and found that the 
nitrogen of linseed meal was more efficiently utilized than that of urea 
when the rations contained about 12% protein equivalent. One possible 
explanation given for the apparent better utilization of the nitrogen of 
linseed meal over that in urea was that the protein of linseed meal is 
more resistant to the degradation actions of the paunch microorganisms 
than are some other proteins. 
Anm'son et al. (1954) and Chalmers, Cuthbertson and Synge (1954) 
surmised that proteins of low nitrogen solubility have a higher value for 
ruminants than do highly soluble nitrogen sources, due to ammonia which 
is lost through ruminai absorption. McDonald (1948) clearly established 
that ammonia is absorbed from the rumen and may amount to a considerable 
loss of dietary nitrogen if the level of free ammonia in the rumen is in 
excess. McDonald (1954) and McDonald and Hall (1957) have shown that the 
extent of protein breakdown in the rumen can differ widely with different 
proteins. Under the conditions of their experiments, approximately 60% 
of the administered zein and only 10% of the casein passed through the 
rumen unaltered. 
The work of .âzmison (1956) supports these findings and further 
suggests that perhaps distinct chemical or physical properties of bovine 
albumin, zein and wheat gluten make these proteins resistant to the 
proteolytic powers of the rumen microorganisms. These three proteins 
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were very slowly attacked in vitro by washed suspensions of rumen micro­
organisms in contrast to the rapid attack of casein, arachin and soya 
protein. 
Preston e^ (1960) made comparisons between a calf early-weaning 
concentrate mixture in which 50% of the total nitrogen was derived from 
groundnut meal and a similar mixture having 33% of the nitrogen from 
groundnut meal and 19% from white fish meal. In a feeding trial with nine 
pairs of Aberdeen-Angus crossbred calves which were weaned at 3 weeks and 
then fed ^  libitum, those given the groundnut plus fish meal ration ate 
4% less concentrate and gained 6 lb more in weight over an 81 day period 
than their pair mates fed the groundnut ration. Neither effect was 
significant. The animals used in this experiment were only 3 weeks of 
age at the beginning, and were probably not functioning ruminants. The 
amino acid balance in the fish meal is considered to be superior to that 
in the groundnut meal; thus, initially at least, one would probably expect 
the fish meal fed animals to outperform their pair mates fed the groundnut 
meal. 
Whitelaw, Preston and Dawson (1961) conducted nitrogen balance 
studies on six early-weaned calves fed three diets containing, respectively, 
commercial groundnut meal, heat-treated groundnut meal and fish meal as the 
major protein sources. Nitrogen retention and live-weight gain differed 
significantly between diets, being highest on the fish meal diet and least 
on the commercial groundnut diet. Blood urea concentration was signifi­
cantly lower on the fish meal diet than on either of the groundnut diets. 
Preston, Brewer and Pfander (1961) observed marked variations in 
blood urea nitrogen after feeding several different rations. Combinations 
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where considerable decrease was observed included linseed, cottonseed and 
soybean meals. Marked increase was observed with urea and casein. These 
workers theorized that decreased blood urea nitrogen after feeding may 
indicate a shortage of rumen soluble nitrogen. In further experiments, 
Preston, Schankenberg and Pfander (1962) found a close relationship 
(r=0.986) between protein intake and blood urea nitrogen. Thus blood 
urea nitrogen reflects the solubility of nitrogen in the diet, as well 
as level of protein intake. 
Oltjen, Simy and Tillman (1962) compared four protein sources, 
urea, casein, soybean meal and isolated soy-protein in a semi-purified 
ration in a 48 day sheep growth experiment. Gains of sheep receiving the 
isolated soy-protein ration were greater (P<.05) than those of sheep 
consuming the urea or casein rations, and sheep consuming the isolated 
soy-protein ration required less feed per pound of gain (P<.05) than 
those consuming the urea ration. Sheep consuming the casein ration had 
essentially the same rate of gain as those on the urea ration. 
Kay et al. (1966) conducted nitrogen balance studies on eight early-
weaned calves fed diets containing, respectively, Peruvian fish meal, 
soybean meal, groundnut meal and dried distillers grains as the major 
sources of protein. Nitrogen retention differed significantly between 
diets, being highest on the fish meal diet and lowest on the groundnut 
diet. 
Little, Burroughs and Woods (1963) tested nitrogen solubility of 
different protein sources in rumen fluid. The sources tested and the 
percent total nitrogen soluble in rumen fluid were as follows: casein, 
81; linseed meal, 45; soybean meal, 19; com gluten meal, 13; purified 
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soy protein, 7. These workers also measured in vitro microbial production 
of free ammonia, and although no definite relation between nitrogen 
solubility and rate of ammonia production was evident, there tended to be 
some correlation. Com gluten meal was only slowly converted to ammonia, 
while soybean meal, linseed meal and casein were rapidly converted. Thus, 
while some protein sources such as casein have excellent amino acid 
balance, as indicated in studies with monogastric animals, the amino acids 
are essentially completely broken down in the rumen and are therefore 
not much more valuable than nonprotein nitrogen sources for ruminants. 
Little, Mitchell and Potter (1968) measured the nature and quantity 
of nitrogen compounds reaching the abomasum of wethers fed soybean protein, 
zein, casein or gelatin. The recovery of total nitrogen in the abomasum 
was highest with zein, intermediate with soybean and lowest with casein or 
gelatin. Plasma urea levels were elevated with casein or gelatin and 
showed little increase after feeding zein or soybean protein. In further 
studies. Potter, Little and Mitchell (1969) studied abomasal nitrogen in 
steers fed either soybean meal or urea. Significantly more total nitrogen 
was recovered in the abomasum of steers fed soybean meal than in steers 
fed urea. More of the nitrogen in the abomasum was in the form of protein 
and less as free ami no and purine-pyrimidine nitrogen when soybean meal 
was fed than when urea was fed. Molar ratios of individual amino acids 
in abomasal contents were not significantly affected by sources of 
supplemental nitrogen. 
Amos e^ (1970a) measured abomasal nitrogen compounds reaching 
the abomasum of steers fed either corn gluten meal, distillers dried 
solubles or soybean meal as the supplemental nitrogen sources. The com 
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gluten diet resulted in 116.6 g of nitrogen reaching the abomasum daily 
as compared to 82.3 g for distillers dried solubles and 88.2 g for soybean 
meal. Total nitrogen reaching the abomasum contained 55.8% protein with 
the distillers dried solubles treatment compared to 51.4% with corn gluten 
meal and 48.7% with soy protein. Percentages of total amino acids as 
essentials in the abomasal contents were 41.6, 34.7 and 28.3 in the soy­
bean meal, distillers dried solubles and com gluten meal rations, 
respectively. In further experiments these same researchers (Amos et al., 
1970b) fed sheep rations containing either 0, 10, 20, 30 or 40% of the 
total nitrogen from urea, with the remaining portion of the supplementary 
nitrogen being supplied by com gluten meal. A faster rate of gain was 
obtained from lambs fed rations in which 100 or 75% of the supplemental 
nitrogen was furnished by corn gluten meal. This work lends support to 
the idea that some preformed supplementary dietary protein is necessary 
for optimum lamb growth. 
Increasing Fost-ruminal Amino Acids 
Results of several experiments reported in the literature suggest 
that the nature of the protein fed in the diet is indeed of some importance 
in ruminant nutrition. Two factors are of specific importance: solubility 
of the protein in the rumen, and amino acid makeup, or quality of the 
protein as a supplement to bacterial protein. Obviously it is of little 
advantage to feed a high quality protein such as casein in the diet of 
ruminants if it is completely degraded in the rumen. On the other hand, 
it is also of little avail to feed a low quality protein which is insoluble 
in the rumen, if it would not improve the quality of the nitrogen reaching 
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the abomasum. Consequently, several researchers have attempted (by 
several different methods) to increase the amount of protein reaching 
the abomasum. One such method is to simply infuse protein or amino acids 
into the abomasum. This method does not have practical significance but 
is an excellent scientific tool. Another method of increasing abomasal 
nitrogen is to treat proteins or amino acids with certain chemicals that 
would render them insoluble in the rumen, but would leave them available 
to the digestive processes in the lower digestive tract. Heating of 
proteins has also been used to reduce solubility in the rumen. Also, 
coating of individual amino acids to make them insoluble in the rumen 
could have much application in the future. 
Reis and Schinckel (1963, 1964) studied the effect of casein, gelatin 
and sulfur-containing amino acids given per abomasum on the growth and 
composition of wool. Supplements of 60 g of casein per day given to three 
sheep for 9 weeks resulted in substantial increases in wool growth (123 
to 181%). In contrast, 60 g of gelatin per day increased wool growth by 
only 17 to 24%. When sulfur-containing amino acids (S-amino acids) were 
added to the proteins, wool growth was further increased (16 to 37%). 
The percentage of the supplementary S-amino acids which could be accounted 
for in the wool grown during supplementation was high (48 to 51% of the 
S-amino acids in casein, 29 to 35% of the S-amino acids in gelatin, and 
13 to 35% of the supplements of cysteine or methionine). In these 
experiments, the big difference in the response of wool growth to casein 
and gelatin supplementation provides direct evidence that the increase in 
wool growth during casein supplementation is due specifically to the 
essential amino acids supplied by the protein. 
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Devlin and Woods (1965) reported studies in which lysine was 
administered posterior to the rumen in steers. The treatments were 
control and 9 g lysine infused into the abomasum daily. More nitrogen 
was retained by the infused than the control steers (P<.10). Dry matter 
digestibility (P<.025) and nitrogen digestibility (P<.005) were higher 
in the infused than the control steers. 
Diet digestibility and nitrogen retention with abomasal and oral 
administration of four different proteins to wethers were determined by 
Little and Mitchell (1967). Following oral administration of soybean 
protein or zein, no differences were noted in digestion of protein, dry 
matter and cellulose or in nitrogen retained. Abomasal administration 
of soybean protein did not significantly affect diet digestibility; 
however, retention of nitrogen was increased. Protein digestion was 
reduced and retention of nitrogen decreased when zein was administered 
into the ab omasum. Apparent digestibilities of protein, dry matter and 
cellulose were not significantly affected by methods of administration of 
casein or gelatin. Retention of nitrogen increased with abomasal 
administration of either casein or gelatin; however, nitrogen retained 
with casein exceeded that with gelatin. 
Reis (1967) infused various amounts of DL-methionine or L-cysteine 
directly into the abomasum of sheep as supplements to a diet of chopped 
wheaten and lucerne hay, and effects on wool growth were measured. Small 
amounts (0.5 to 2.0 g/day of L-cysteine or equimolar amounts of 
DL-methionine) increased wool growth by as much as 100%. When larger 
amounts of L-cysteine (6.0 to 8.0 g/day) were given, the rate of wool 
growth was reduced to slightly below the maximum response. Administration 
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of equimolar amounts of DL-methionine caused a substantial reduction in 
wool growth; in one experiment the rate of wool growth was depressed to 
slightly below the pretreatment values. The adverse effects of high 
levels of methionine, and to a lesser extent cysteine, on wool growth 
may be associated with an amino acid imbalance. 
Schelling and Hatfield (1967) studied the effect of abomasally 
infused casein to lambs fed a purified diet. In this study, five lambs 
weighing about 32 kg were each abomasally infused with urea and, subse­
quently, with an isonitrogenous amount of casein supplemented with 4% 
methionine so that each animal served as its own control. The infusion 
of methionine-supplemented casein increased feed consumption by 25%. 
Grams of nitrogen retained daily for the urea control period and the 
casein treatment period, respectively, were as follows: -1.30 and 3.24, 
-0.54 and 4.25, -0.61 and 5.34 for three lambs infused a low nitrogen 
level (14% of total nitrogen intake); 1.54 and 6.56, 0.56 and 6.60 for two 
lambs infused the high nitrogen level (28% of total nitrogen intake). 
Although feed intake was greater during infusion of casein, the increase 
in nitrogen retained was greater than the additional nitrogen consumed, 
indicating an increase in the efficiency of nitrogen utilization. 
In studies reported by Reis (1969) varying amounts of casein (60 to 
200 g/day) were given to sheep, in the diet or via the abomasum, as 
supplements to various diets at several levels of intake (400 to 1200 
g/day). Casein consumed in the diet had only a slight influence on wool 
growth rate. Casein infused into the abomasum substantially increased 
wool growth in all experiments; up to threefold increases in wool growth 
rate were obtained when casein supplemented a dietary intake of 400 g per 
23 
day of roughage. Similar maximum rates of wool growth were attained with 
casein infusion regardless of diet or level of energy intake. Casein 
administered via the abomasum also resulted in significant increases in 
body weight. 
Schelling (1970) reported studies on the effect of abomasally infused 
methionine and casein on nitrogen retention in lambs. The lambs were fed 
high quality diets (corn and grass-legume hay) at two protein levels (with 
or without soybean meal) . When a "low-protein" diet was fed (11% crude 
protein) at a controlled level, infusion of DL-methionine at levels of 0, 
1.0, 2.0 and 3.0 g/lamb/day and casein at 30 g/lamb/day resulted in 
nitrogen retentions of 3.74, 3.94, 4.12, 4.25 and 5.12, respectively. 
When a "high-protein" diet (14% crude protein) was fed at a controlled 
level and DL-methionine was infused at levels of 0, 1.0 and 2.0 g/lamb/day 
the resulting nitrogen retentions were 1.46, 2.07 and 3.11 g/lamb/day, 
respectively. These results may indicate, according to the author, that 
methionine is limiting the nitrogen retention of lambs fed a high quality 
diet at two different protein levels, and methionine as well as other 
amino acids are limiting in the case of the low protein diet as demon­
strated by the response to casein infusion. In these experiments, casein 
was not infused at the high protein level. Also, it is interesting to 
note that nitrogen retention was considerably lower on the high protein 
diet than on the low protein diet, but the magnitude of response to 
methionine infusion was greater with the high protein diet. 
In reviewing several experiments reported on abomasal infusion of 
proteins and amino acids, it becomes apparent that, for sheep at least, 
sulfur containing amino acids are limiting for growth, and particularly 
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for wool growth, with most diets fed. In studies with cattle, lysine 
seems to be limiting for growth. Infusion of high quality protein such 
as casein results in a greater nitrogen retention than infusion of such 
proteins as gelatin and zein. This would indicate the importance of 
balance of amino acids, as well as supplementing the most limiting amino 
acid. 
If rumen bypass is found to result in increased efficiency of 
nitrogen utilization and improved performance, a practical approach 
would be to process certain protein sources so that they would not be 
attacked by rumen microbes but would be available for digestion further 
down the digestive tract (Fontenot, 1971). 
Sherrod and Tillman (1962) studied the effects of varying the process­
ing temperatures, upon the nutritive values for sheep, of solvent extracted 
soybean and cottonseed meals. The heat treatments were 1) no heat, 
2) autoclaved under 15 lb steam pressure per square inch at 250 F for 
45 minutes, and 3) autoclaved under the same conditions for 90 minutes. 
Autoclaving reduced ruminai ammonia levels and plasma nonprotein nitrogen. 
When either the cottonseed meal or soybean meal was included in semi-
purified and isonitrogenous diets and fed to growing lambs, it was found 
that autoclaving for 45 minutes as compared to no heat greatly improved 
gains and feed efficiencies (P<.05). 
Little et (1963) reported that lambs fed low quality roughage 
rations containing either regular or heated soybean meals (110 C for 24 
hr) at 7, 10 and 13% protein levels performed equally well. Both regular 
and heated soybean meals were similar in promoting feed consumption and 
growth when fed to lambs consuming semi-purified rations. 
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Glimp elt al. (1967) conducted growth, digestibility and nitrogen 
retention trials to study the effect of dry heating soybean protein to 
reduce its solubility and nutrient utilization in sheep. The soybean 
meal was heated at 149 C for 4 hr in a forced air oven, which reduced 
protein solubility (in dilute alkali) from 72% to 35%. Lamb performance 
was highest when fed a protein level of 17%, but heating the soybean meal 
resulted in improved gains at the 12% protein level to a point where they 
were very comparable to the 17% level. Nitrogen retention was increased 
on the 12% protein ration when the soybean meal was heated. In further 
studies, Hudson et al. (1969) fed soybean meal heated at 149 C for 4 hr 
to lambs, and found that growth rate was highest at the 14% level and 
heating the soybean meal had an inconsistent effect. Feed efficiency 
improved significantly (P<.05) by feeding the heated soybean meal. 
Zelter and Leroy (1966) suggested that tannins could be used to 
decrease rumen degradation. Tannin-treated samples were not degraded 
in vitro by rumcr. microorganisms, while untreated samples were degraded 
rapidly. Rate of ammonia production and average blood urea levels were 
lower for fistulated sheep fed the treated protein than for those receiv­
ing the untreated protein. Delort-Laval and Zelter (1968) reported that 
the optimum proportion of tanning, depending on the nature and solubility 
of the protein, varies from 6 to 15%. In their studies with lactating 
goats the tanning of peanut and linseed meals increased the nitrogen 
efficiency of the whole diet by 6%. With artificially reared kids, the 
increase was 16% when fed an 11% protein diet per kilogram of dry matter, 
of dry milk powder. 
Driedger, Hatfield and Garrigus (1969) fed 120 yearling steers 
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three sources of supplemental nitrogen: 1) urea, 2) soybean meal, or 
3) soybean meal treated with tannic acid. Average daily gains of steers 
were 1.42, 1.56 and 1.62 kg for the three nitrogen sources, respectively. 
Gain to feed ratios were 0.163, 0.167 and 0.179 for urea, soybean meal 
and tannic acid treated soybean meal, respectively. For lambs receiving 
the same three nitrogen supplements, average daily gains were 112, 177 
and 217 g, respectively (P<.05). 
Driedger and Hatfield (1970) infused tanned or untreated soybean 
meal into the rumen or abomasum of sheep to study the effect on nitrogen 
balance. Lambs were fed a ground corn diet, 410 g twice daily. One 
hundred grams of soybean meal (SBM), either untreated or tanned with 10 g 
of tara tannin (TA) suspended in one liter of water was infused daily. 
Nitrogen retention (g/day) was 5.5, 7.4, 6.7 and 7.1 for treatments 
1) rumen SBM, 2) rumen TA-SBM, 3) abomasum SBM and 4) abomasum TA-SBM, 
respectively. Treatment 1 differed (P<.02) from treatment 2. Fecal 
nitrogen excreted was 5.3, 5.1, 4.8 and 6.5 g/day, indicating that 
abomasally infused TA-SBM resulted in incomplete breakdown of the TA-SBM 
complex. Nitrogen retained as percent of absorbed nitrogen was 32, 43, 
39 and 43% for treatments 1, 2, 3 and 4, respectively. 
Ferguson, Hemsley and Reis (1967) reported experiments in which 
casein was treated with formaldehyde in aqueous solution to make it 
insoluble in the rumen. These researchers found that the treated casein 
was virtually insoluble at pH 6.0 and almost completely protected from 
degradation to ammonia during a 24 hour incubation with rumen contents 
in vitro. Similarly, the daily addition of 60 g of treated casein to 
the rumen of sheep caused no change in rumen ammonia concentration, whereas 
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the daily addition of 60 g of untreated casein resulted in a substantial 
increase in rumen ammonia concentration. 
These results were considered, by the authors, to establish that the 
treatment of casein had rendered it insoluble in the rumen. The effective­
ness of the treated casein for stimulating wool growth was tested on 
Merino sheep. Three groups of four wethers were fed for 12 weeks on 
800 g/day of a diet of wheaten and lucerne chaff (50:50) during a pre­
liminary period. During a subsequent 18 week experimental period one 
group was kept on this ration as a control. A second group was given a 
supplement of 80 g/day of treated casein and a third group was given a 
supplement of 80 g/day of treated casein for 9 weeks followed by 80 g/day 
of untreated protein for 9 weeks. The results indicated that treated 
casein increased wool growth by approximately 70%, whereas reversal of 
group 3 from treated to untreated casein caused a decline in wool growth 
rate to approximately 15% above the control group. 
Reis and Tunks (1969) gave four sheep three types of casein supple­
ments (all providing 16 g nitrogen/day) and the effects on wool growth, 
body weight gain and nitrogen retention were measured. The supplements 
were untreated casein in the diet, untreated casein per abomasum and 
formaldehyde treated casein in the diet. Untreated casein in the diet 
was inferior to the other casein supplements for all parameters studied. 
Formaldehyde treated casein and casein per abomasum were of similar 
nutritional value. The average increase in wool growth rate above the 
basal rate was 62% for both types of supplement; nitrogen retained was 
about 3g per day of which more than half was in wool. The treated casein 
was 90% digestible. 
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Wright (1971) supplemented a 75% concentrate, lamb fattening ration 
with either untreated casein or casein treated with 4 volumes of 10% 
formaldehyde, at the rate of 4% of the diet. Formaldehyde treated casein 
supplement resulted in improved growth rate (20%) and feed efficiency 
(8%). Similar improvements in gain and feed efficiency were noted by 
Peter ^  (1971) when lambs were fed either formaldehyde treated or 
glyoxal treated soybean meal versus untreated soybean meal. 
Hemsley, Hogan and Weston (1970) compared digestion of formaldehyde 
treated versus untreated dried forage (25% crude protein) offered to 
adult Merino wethers. While fiber digestion was not affected by the 
treatment, the site of protein digestion was markedly altered. With 
the untreated forage, these workers reported 30% loss of nitrogen in the 
rumen, whereas with the treated forage there was no loss of nitrogen. 
The quantity of crude protein apparently digested in the intestines with 
treated forage was 60% higher. Wool production was 15% higher with the 
treated forage. 
Mowat and Deelstra (1970) compared soybean meal untreated versus 
formalin treated soybean meal when supplemented in a corn-alfalfa ration 
for lambs. Gains were similar on both supplements, but formaldehyde 
treated soybean meal resulted in decreased efficiency (P<.05). Schmidt 
et al. (1970) also reported a decrease in gain and efficiency when 
formaldehyde treated soybean meal was fed to steers. 
Attempts to reduce the solubility of various proteins in the rumen 
have been successful to some extent. However, results in animal trials 
have been somewhat variable, and a clear advantage due to treatment of 
proteins does not always occur, even though such proteins have been shown 
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to be insoluble. Australian research has generally been conducted with 
mature sheep on low planes of nutrition, where it may be easier for 
treatments to be expressed. More research is needed in this area of 
protein treatment before it will be of practical use in cattle and sheep 
rations. 
Attempts have also been made at feeding insoluble forms of amino 
acids. Sibbald, Loughheed and Linton (1968) reported that a product con­
sisting of a core of methionine, kaolin and triglycerides enveloped in a 
continuous film of triglyceride, when fed to ruminants, makes methionine 
available for absorption from the small intestine. When fed to steers, 
this product raised the free methionine content of blood plasma. Mowat 
and Deelstra (1970) fed such an encapsulated methionine product to lambs 
at four different levels (0.0, 0.2, 0.4 and 0.6% of the ration). A total 
of 120 lambs averaging 26 kg was used. No response was obtained with the 
0.2% level. However, 0.4% encapsulated methionine increased gains by 12% 
and feed efficiency by 10%. A marked reduction in performance was noted 
at the 0.6% level. 
Methionine hydroxy analogue (m-analog) has been shown to be rela­
tively insoluble in rumen fluid (Bishop, 1971). This product has been 
demonstrated to give beneficial response in alleviating primary ketosis 
in dairy cows (McCarthy, Porter and Griel, 1969) and to give a lactation 
response (Griel et al., 1968; Polan, Chandler and Miller, 1970; Chandler, 
1970). Increases in gain and feed efficiency due to m-analog supplementa­
tion to beef cattle has been reported by Burroughs and Trenkle (1969). 
Wright (1971) reported that dietary additions of 0.3% m-analog increased 
(P<.05) wool growth of lambs fed either an 8 or 12% protein ration. 
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On the other hand, several researchers have reported no response, or 
even depression in performance of animals fed m-analog. Gossett ^  al. 
(1962) reported that 5 g of m-analog per steer daily was of no benefit in 
a high urea fattening ration, and 10 g per steer daily resulted in a 
significant depression in rate of gain. Peter e^ al. (1971) reported 
that lambs fed m-analog gained slower (258 vs 280 g/day) and had lower 
gain/feed ratios (.226 vs .234) than control lambs when fed a fattening 
type diet. Beeson, Perry and Huber (1970) reported that cattle fed 3 g 
of m-analog per head daily gained 7% less rapidly than control steers 
after 96 days on feed. Similarly, Hale et al. (1970) reported that steers 
receiving 5 g of m-analog daily had reduced gain at 112 days (3.20 lb/day 
vs 3.00 lb/day), but feed efficiency was not affected. 
Evidence provided in the literature indicates that quality of protein 
is of importance in ruminant nutrition. There is a limit to the quantity 
of microbial protein that can be synthesized in the rumen. Therefore, 
the undegraded feed protein fraction is important in helping to meet the 
amino acid needs at the site of absorption. Several experiments have shown 
a difference in performance of ruminants due to the protein source fed, 
and these differences were often related to the solubility of proteins fed. 
Attempts at altering protein solubility have given variable results. 
Treatment of various proteins with aldehydes has definitely reduced the 
solubility of these proteins, but a response is not always noted when the 
proteins are fed to ruminants. Attempts at feeding an insoluble form of 
amino acids have also given variable results. It seems that the complex 
nature of the ruminant digestive system makes both the design of experiments 
and interpretation of data somewhat difficult. 
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EXPERIMENTAL MD RESULTS 
A series of five lamb feeding experiments was conducted to test the 
effects of methionine or preformed protein supplementation on lamb per­
formance. Also, a series of four iji vitro fermentation studies was con­
ducted to test the effects of formaldehyde treatment of proteins on ammonia 
production and dry matter digestibility. 
In all experiments data were subjected to analysis of variance by the 
least squares method as described by Snedecor and Cochran (1967). 
Lamb Feeding Experiments 
Lamb feeding experiment 1 
Results of a cattle feeding experiment (Burroughs and Trenkle, 1969) 
showed beneficial results (weight gain and feed efficiency) from supple­
mental methionine hydrojgr analog (m-analog), suggesting that this material 
is effective in withstanding rumen fermentation in improving feedlot per­
formance of finishing cattle. It was predicted that similarly good 
results would be obtained with feedlot lambs, particularly because of the 
high sulfur amino acid content of wool. Therefore, the purpose of this 
experiment was to test feedlot performance and wool growth in lambs fed 
different levels of m-analog in finishing rations with and without urea 
supplementation. 
A total of 130 Texas shorn wether lambs (average weight about 65 lb) 
was purchased for this experiment. They were grazed in a small pasture 
for about 3 weeks prior to allotment. During this 3-week period the lambs 
were drenched for internal parasites and vaccinated against enterotoxemia. 
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The allotment consisted of randomly placing (on a stratified weight basis) 
120 animals into 20 pens of six animals each. Each pen was initially 
placed on a low-energy ration and gradually transferred to a high-energy 
ration over a 2-week period. Five levels of m-analog were fed (0.0, 0.3, 
0.6, 1.2 and 2.4 g/lamb/day, respectively) with and without urea supple­
mentation. The rations fed are presented in Tables 2 and 3. 
The starting weight was taken in the morning following an overnight 
stand without feed or water. Weights were taken every 7 days for the 
first 2 weeks and every 14 days thereafter at 9:00 a.m. prior to feeding. 
The lambs were on test for 77 days. The procedure used in measuring 
wool growth is described by Reis and Schinckel (1961). Each sheep on 
trial had a tattoo patch approximately 100 cm^ placed on the midside. 
2 Wool growth was measured on each sheep from this 100 cm area; the wool 
was removed at the beginning of the trial and at the 5th and 11th weeks 
during the trial with small animal clippers (Cater, size 40). The wool 
was cleaned by washing twice with carbon tetrachloride and then rinsed 
thoroughly with distilled water. The wool was dried to a constant weight 
at a temperature of 70 C. 
At the termination of the test, a final shrunk live weight was taken 
in the same manner as the initial weight, and the lambs were trucked to 
market. After slaughter, each carcass was tagged and carcass weight and 
federal grade were obtained. 
Results of lamb feeding experiment 1 are presented in Tables 4 and 5. 
Additions of m-analog were of no benefit in rations not containing urea. 
No significant differences were noted in average daily gain, feed 
33 
Table 2. Percentage composition of low-energy basal rations (lamb feeding 
experiment 1) 
Without With 
Ingredient^ urea urea 
Rolled com 18.8 19.9 
Ground alfalfa hay 65.6 65.6 
Ground com cobs 5.0 5.0 
Molasses 7.0 7.0 
Soybean meal 1.5 
Urea 0.3 
Vitamin A premix 1.5 1.5 
Trace mineral salt 0.6 0.6 
Stilbestrol premix^ 0.05 0.05 
Methionine analog was added to the basal rations at rates of either 
0.025, 0.05, 0.10 or 0.20% to give expected intakes of 0.3, 0.6, 1.2 or 
2.4 g per lamb daily. 
^5000 I.U. vitamin A/lb. 
^2 g diethylstilbestrol/lb. 
Table 3. Percentage composition of high-energy basal rations (lamb feeding 
experiment 1) 
Without With 
Ingredient^ urea urea 
Rolled com 47.8 50.8 
Ground alfalfa hay 30.0 30.0 
Ground com cobs 5.0 5.0 
Molasses 7.0 7.0 
Soybean meal 7.0 3.5 
Urea 0.5 
Dicalcium phosphate 1.5 1.5 
Vitamin A premix^ 1.0 1.0 
Trace mineral salt 0.6 0.6 
Stilbestrol premix^ 0.05 0.05 
Methionine analog was added to the basal rations at rates of either 
0.025, 0.05, 0.10 or 0.20% to give expected intakes of 0.3, 0.6, 1.2 or 
2.4 g methionine analog per lamb daily. 
^5000 I.U. vitamin A/lb. 
^2 g diethylstilbestrol/lb. 
Table 4. Feedlot performance, carcass characteristics and wool growth of lambs fed various levels 
of m-analog (lamb feeding experiment 1) 
No-urea rations Some-urea rations 
Item Control 
0.3 g 
m-anal 
0.6 g 
m-anal 
1.2 g 
m-anal 
2.4 g 
m-anal Control 
0.3 g 
m-anal 
0.6 g 
m-anal 
1.2 g 
m-anal 
2.4 g 
m-ana] 
Number of lambs 12 12 12 12 12 12 12 12 12 12 
Days on experiment 77 77 77 77 77 77 77 77 77 77 
Daily ration/lamb, lb 3.26 3.15 3.16 3.20 3.13 3.10 3.39 3.30 3.14 3.23 
Avg initial wt, lb 63.2 62.5 63.0 63.1 63.9 63.5 62.2 63.6 64.0 64.3 
Avg final wt, lb 104.0 100.3 103.5 103.5 100.7 98.3 104.3, 103.5 98.1 99.9 
Avg daily gain, lb 0.53 0.49 0.52 0.52 0.48 0.45% 0.56^ O.52D 0.44* 0.46' 
Feed/gain 6.15 6.43 6.08 6.15 6.52 6.89C 6.05^ 6.35C 7.I4C 7.02 
Dressing percent 49.6 49.9 50.2 51.2 50.1 50.6 50.7 51.0 51.2 51.6 
Federal grade® 10.2 9.9 10.2 10.2 9.4 10.2 9.7 10.4 10.0 10.0 
Yield grade^ 2.9 2.8 2.8 2.8 2.8 3.0 3.0 3.0 2.8 3.0 
Wool growth rate. 
g/100 cm^ 6.6 6.5 6.3 5.6 7.0 6.7 7.6 6.3 7.2 7.3 
^t^Values with different superscripts differ significantly (P<.01). 
^^^Values with different superscripts differ significantly (P<.05). 
^Average choice = 11; low choice = 10; high good = 9. 
%ield grade = 1.66 - 0.05 (leg conformation score) + 0.25 (& kidney and pelvic fat) + 6.66 
(adjusted fat thickness over ribeye). 
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efficiency or carcass measurements in lambs fed the no-urea rations 
(P>.05). However, when urea was included in the ration at the rate of 
0.5%, additions of m-analog at the rate of 0.3 and 0.6 g per lamb per 
day resulted in benefits in both average daily gain (24% and 16%, respec­
tively) and feed efficiency (12% and 8%, respectively). 
Differences in wool growth between any of the treatments tested were 
not significant (P>.05); however, some large, although inconsistent, 
differences in wool growth were noted. For example, in those lambs 
receiving no urea and getting 2.4 g m-analog daily, wool growth was 
markedly higher than in the other no-urea treatments. Also, in the urea-
fed lambs, three treatments (0.3, 1.2 and 2.4 g m-analog daily) resulted 
in a marked increase in wool growth over the control lambs. These differ­
ences do not appear to be correlated with feed intake or average daily 
gain. 
Those lambs fed no urea were more efficient in feed conversion than 
those receiving some urea (P<.01). The only exception to this were the 
lambs receiving 0.3 g m-analog with some urea. Carcass measurements were 
about equal between treatments, with the lambs receiving 0.3 g m-analog 
having a slightly lower federal grade than other lambs (P<.05). Also, 
urea-fed lambs had a slightly higher yield grade than non-urea-fed lambs 
(P<.05), indicating that they were somewhat fatter. 
Table 5 summarizes results of the first 35 days of feeding trial 1. 
Those lambs receiving the no-urea ration with 2.4 g m-analog daily gained 
considerably less than the other lambs during this initial 35 days of the 
experiment. Also, those lambs receiving 0.6 g m-analog daily in the 
no-urea ration were gaining almost 20% faster than the controls at 35 days. 
Table 5. Feedlot performance and wool growth for first 35 days (lamb feeding experiment 1) 
No-urea rations Some-urea rations 
Item Control 
0.3 g 
m-anal 
0.6 g 
m-anal 
1.2 g 
m-anal 
2.4 g 
m-anal Control 
0.3 g 
m-anal 
0.6 g 
m-anal 
1.2 g 
m-anal 
2.4 g 
m-anal 
Number of lambs 12 12 12 12 12 12 12 12 12 12 
Avg daily ration, lb 2.8 2.7 2.5 2.8 2.6 2.8 2.8 2.8 2.8 2.8 
Avg initial wt, lb 
Avg final wt, lb 
Avg daily gain, lb 
63.2 
77.0 
0.39 
62.5 
77.2 
0.42 
63.0 
79.3 
0.47 
63.1 
77.6 
0.41 
63.9 
74.2 
0.31 
63.5 
77.7 
0.41 
62.2 
78.7 
0.47 
63.6 
79.4 
0.45 
64.0 
78.2 
0.41 
64.3 
79.5 
0.43 
Feed/gain 7.2 6.4 5.3 6.8 8.4 6.8 6.0 6.2 6.8 6.5 
Wool growth rate, 
g/100 cm^ 2.3 2.3 2.2 2.1 2.4 2.3 2.5 2.2 2.4 2.4 
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The remainder of the treatment differences were relatively the same as 
the final differences, although all gains were higher during the last 42 
days. No significant difference in wool growth was noted at 35 days. 
Lamb feeding experiment 2 
Results of feeding experiment 1 indicated that in rations containing 
some urea, m-analog will benefit lamb performance. Several researchers 
have shown increased performance in ruminant animals when low levels of 
sulfur were supplemented in the ration. Therefore, the purpose of lamb 
feeding experiment 2 was to test the effects of two levels of m-analog 
and two levels of elemental sulfur additions to a finishing ration with a 
high urea content (0.8% of ration). 
A total of 150 white-faced Montana lambs averaging about 78 lb was 
purchased for this experiment. They were maintained on a low-energy mixed 
ration (65% hay, 35% grain) for 2 weeks prior to beginning the experiment. 
During this 2-week period, the lambs were drenched for internal parasites, 
and vaccinated against enterotoxemia. From this group of lambs 60 were 
randomly allotted (on a stratified weight basis) to 10 pens of six animals 
each. Each pen was gradually changed from the low-energy, pre-experimental 
diet, to the experimental ration over about a 10-day period. Ration 
treatments and percentage composition are outlined in Table 6. The two 
levels of elemental sulfur fed were calculated to furnish the same level 
of sulfur as the two respective levels of m-analog. 
The initial weight for allotment was taken in the morning following 
an overnight stand without feed or water. Weights were taken every 7 days 
for the first 2 weeks and every 14 days thereafter. The lambs remained on 
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Table 6. Percentage composition of rations (lamb feeding experiment 2) 
Ration treatment 
0.3 g 0.6 g 0.06 g 
elemental 
0.12 g 
elemental 
Item Control m-analog m-analog sulfur sulfur 
Ground com 54.0 54.0 54.0 54.0 54.0 
Ground alfalfa hay 25.0 25.0 25.0 25.0 25.0 
Ground com cobs 10.0 10.0 10.0 10.0 10.0 
Molasses 7.0 7.0 7.0 7.0 7.0 
Urea 0.8 0.8 0.8 0.8 0.8 
Dicalcium phosphate 1.5 1.5 1.5 1.5 1.5 
Trace mineral salt 0.6 0.6 0.6 0.6 0.6 
Vitamin A premix^ 1.0 1.0 1.0 1.0 1.0 
Chlortetracycline premix 0.04 0.04 0.04 0.04 0.04 
Stilbestrol premix'^ 0.035 0.035 0.035 0.035 0.035 
Methionine analog — 0.025 0.050 —— — 
Elemental sulfur 20 mg/ 40 mg/ 
(mg/lb ration) lb lb 
^5000 I.U. vitamin A/lb. 
^50 g chlortetracycline/lb. 
^2 g diethylstilbestrol/lb. 
experiment for 87 days. A final shrunk weight was taken in the same manner 
as the initial weight. After slaughter the carcasses were tagged for 
identification and a federal carcass grade and carcass weight were deter­
mined. 
Results of lamb feeding experiment 2 are presented in Table 7. No 
significant differences in average daily gain were noted between treat­
ments . M-analog supplementation resulted in slight increases in rate of 
gain at both levels tested. Supplementation with 0.3 g m-analog daily or 
0.12 g elemental sulfur resulted in marked improvements in feed efficiency 
over the control lambs. The low level of sulfur supplementation (0.06 g) 
also improved feed efficiency noticeably, whereas addition of 0.6 g 
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m-analog per lamb daily did not improve feed efficiency. The lambs used 
in this experiment were somewhat heavy, initially, and were taken to a 
relatively heavy market weight. Gains on all treatments were excellent 
for the type of lamb fed. 
Table 7. Feedlot performance and carcass characteristics of lambs fed 
m-analog or elemental sulfur (lamb feeding experiment 2) 
. Ration treatment 
0.3 g 0.6 g 0.06 g 0.12 g 
elemental elemental 
Item Control m-analog m-analog sulfur sulfur 
Number of lambs 12 12 12 12 12 
Days on experiment 87 87 87 87 87 
Avg daily ration, lb 3.6 3.4 3.7 3.4 3.3 
Avg initial wt, lb 76.5 76.6 77.0 76.3 77.8 
Avg final wt, lb 123.8 125.1 126.2 123.2 124.6 
Avg daily gain, lb 0.54 0.56 0.56 0.54 0.54 
Feed/gain 6.6 6.1 6.6 6.3 6.2 
Dressing percent 51.6 52.9 51.9 54.2 52.7 
Federal grade^ 11.2 10.8 11.1 10.6 10.4 
Yield grade^ 4.0 4.0 3.9 3.9 3.8 
^12 = high choice; 11 = average choice; 10 = low choice. 
^ield grade = 1.66 - 0.05 (leg conformation score) + 0.25 (% kidney 
and pelvic fat) + 6.66 (fat thickness over ribeye). 
Lamb feeding experiment 3 
Some benefit in average daily gain was noted when m-analog was fed, 
and improvement in feed efficiency was noted when elemental sulfur was 
supplemented in lamb feeding experiment 2. The purpose of the present 
experiment was to test lamb feedlot performance with low levels of m-analog 
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and elemental sulfur both singly and in combination as additions to 
finishing rations containing 1% urea. 
A total of 75 black-faced Montana wether lambs averaging about 80 lb 
liveweight was purchased for this experiment. These lambs were maintained 
on alfalfa hay for a few days prior to allotment. During this initial 
period they were vaccinated against enterotoxemia and drenched for 
internal parasites. The allotment consisted of randomly placing (by 
stratified weight) 70 lambs into 10 pens of seven lambs each. Each pen 
was started immediately on a low level of the test ration and brought to 
a full feed over a 1-week period. Ration treatments and percentage compo­
sition of rations fed are outlined in Table 8. 
Table 8. Percentage composition of rations (lamb feeding experiment 3) 
Ration treatment 
0.225 g 0.45 g 
m-analog m-analog 
0.45 g 0.09 g + 0.045 g + 0.09 g 
elemental elemental elemental 
Item Control m-analoe sulfur sulfur sulfur 
Whole shelled com 73.0 73.0 73.0 73.0 73.0 
Ground alfalfa hay 10.0 10.0 10.0 10.0 10.0 
Ground com cobs 10.0 10.0 10.0 10.0 10.0 
Molasses 7.0 7.0 7.0 7.0 7.0 
Urea 1.0 1.0 1.0 1.0 1.0 
Dicalcium phosphate 0.25 0.25 0.25 0.25 0.25 
Limestone 0.35 0.35 0.35 0.35 0.35 
Trace mineral salt 0.30 0.30 0.30 0.30 0.30 
Vitamin A premix^ 0.50 0.50 0.50 0.50 0.50 
Chlortetracycline premix 0.025 0.025 0.025 0.025 0.025 
Stilbestrol premix^ 0.035 0.035 0.035 0.035 0.035 
Methionine analog 0.038 0.019 0.038 
Elemental sulfur — 30 15 30 
(mg/lb ration) 
^5000 I.U. vitamin A/lb. 
^50 g chlortetracycline/lb. 
^2 g diethylstilbestrol/lb. 
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Initial weight for allotment was taken in the morning following an 
overnight stand without feed or water. The final weight was obtained 
similarly. Weights were taken every 7 days for the first 2 weeks and 
every 14 days thereafter. Duration of this experiment was 90 days. At 
the termination of the experiment the lambs were slaughtered, each 
carcass was Identified and carcass weight and grade were obtained. 
Results of lamb feeding trial 3 are outlined in Table 9. 
Table 9. Feedlot performance and carcass characteristics of lambs fed 
m-analog and elemental sulfur (lamb feeding experiment 3) 
Ration treatment 
0.225 g 0.45 g 
m-analog m-analog 
0.45 g 0.09 g + 0.045 g + 0.09 g 
elemental elemental elemental 
Item Control m-analo2 sulfur sulfur sulfur 
Number of lambs 14 14 14 14 14 
Days on experiment 90 90 90 90 90 
Avg daily ration, lb 2.9 2.8 2.6 2.9 2.4 
Avg initial wt, lb 75.1 73.6 76.2 75.8 75.0 
Avg final wt, lb 123.2 118.3 116.7 124.7 114.0 
Avg daily gain, lb 0.53 0.50 0.45 0.54 0.43 
Feed/gain 5.4 5.6 5.7 5.3 5.7 
Dressing percent 51.8 51.4 52.0 51.9 52.1 
Federal grade® 11.5 11.7 11.0 11.3 10.8 
Yield grade^ 3.4 3.5 3.4 3.6 3.2 
^12 = high choice; 11 = average choice; 10 = low choice. 
^Yield grade = 1.66 - 0.05 (leg conformation score) + 0.25 (% kidney 
and pelvic fat) + 6.66 (fat thickness over ribeye). 
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In this experiment, contrary to the initial two experiments, m-analog 
supplementation caused a depression (about 6%) in average daily gain. 
Similarly, supplementing a low level of elemental sulfur markedly 
decreased average daily gain (about 15%). However, feeding a low level 
combination of m-analog plus elemental sulfur resulted in gains and feed 
efficiency very similar to that of the control lambs; whereas, a high 
level combination severely depressed average daily gain (P<.10). The 
lambs used in this experiment were heavier initially than those used in 
the two previous experiments. There appears to be a negative interaction 
between sulfur and methionine supplements. Higher levels of sulfur 
supplementation depressed gains significantly whether fed alone or in 
combination with m-analog. 
Lamb feeding experiment 4 
Feeding trials with both cattle and sheep show variable results from 
the addition of m-analog. These results indicate that m-analog may be 
effective in lighter-weight, younger animals but relatively ineffective 
in heavier^eight animals. This suggests a need for supplemental 
methionine in the young, fast growing animal. 
Choline can replace part of the methionine requirement in swine and 
poultry diets. This compound, like methionine, serves as a methyl donor 
in metabolic processes. It has been assumed by nutritionists that the 
rumen microorganisms synthesize adequate amounts of this B-vitamin to meet 
the needs of the anima]. However, research reported by Swingle and Dyer 
(1970) indicated a microbial response due to choline supplementation. 
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Fish meal is a high quality protein, with high levels of methionine, 
lysine and choline, and is quite insoluble in the rumen. If there is a 
need for additional methionine and lysine beyond that in microbial pro­
tein, then fish meal protein should reflect this need by increasing lamb 
performance. 
The purpose of lamb feeding experiment 4, therefore, was to test 
feedlot performance and wool growth with the addition of m-analog, choline 
or fish meal in lamb finishing rations with a high level (1%) of urea. 
For this experiment a total of 150 native crossbred lambs (ewes and 
wethers) was purchased from a single flock in southern Iowa. These lambs 
were all bom within a 3-week period, and were about 3 months old when 
purchased. They were accustomed to a high-energy ration prior to purchase 
and were maintained on a high-energy adjustment ration (with 0.5% urea) 
for 2 weeks prior to allotment. During this 2-week adjustment period the 
lambs were shorn, drenched for internal parasites and vaccinated against 
enterotoxemia. The.allotment consisted of randomly placing (on a strati­
fied weight basis) 126 lambs into 21 pens of six animals each (three ewe 
lambs and three wether lambs per pen). Treatments and percentage compo­
sition of rations are outlined in Table 10. Treatments consisted of two 
levels of m-analog, one level of m-analog plus choline, one level of 
choline, and two levels of fish meal. The seven treatments were repli­
cated three times. The lambs were brought to a full feed of the experi­
mental rations within about a 7-day period. 
Initial, periodical and final weights were taken in a similar manner 
as the previous experiments. The procedure used in measuring wool growth 
is as described in experiment 1, with the following exceptions. The wool 
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Table 10. Percentage composition of rations (lamb feeding experiment 4) 
Ration treatment 
0.6 g 1.2 g 0.6 g 2% 4% 
m--analog + fish fish 
Item Basal m-analog m-analog choline Choline meal meal 
Whole shelled com 71.4 71.3 71.2 71.3 71.4 69.9 68.5 
Ground alfalfa hay 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
Ground corn cobs 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
Molasses 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
Urea 1.0 1.0 1.0 1.0 1.0 0.55 0.1 
Limestone 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Dicalcium phosphate 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Trace mineral salt 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
Vitamin A premix^ 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Stilbestrol premix 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
Methionine analog 0.05 0.10 0.05 —— 
Fish meal —— —— —— 2.0 4.0 
Choline, 150 150 
(mg/lb ration) 
^5000 I.U. vitamin A/lb. 
^2 g diethylstilbestrol/lb. 
was clipped at the beginning of, the trial, and at 2- to 3-week intervals 
during the trial. Since it takes approximately 3 weeks for changes in the 
diet to be expressed in the wool above the skin surface (Ryder and 
Stephenson, 1968), the first clipping taken at 3 weeks from initiation of 
the trial was used to determine basal wool growth rate. Subsequent 
clippings were compared to this basal rate to determine changes in wool 
growth due to treatment. Thus, each lamb served as its own control. 
At the termination of the experiment the lambs were trucked to market, 
and the following carcass information was obtained after slaughter: carcass 
weight, federal grade, longissimus muscle area measurements and backfat 
measurements. 
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Results of lamb féeding experiment 4 are presented in Table 11. 
Duration of this experiment was 56 days; a high incidence of rectal and 
vaginal prolapse in these lambs caused a somewhat early termination of 
the trial. 
Table 11. Feedlot performance, carcass characteristics and wool growth of 
lambs fed additions of m-analog, choline or fish meal (lamb 
feeding experiment 4) 
Ration treatment 
0.6 g 1.2 g 0.6 g 2% 4% 
m--analog + fish fish 
Item Control m-analog m-analog choline Choline meal meal 
Number of lambs 18 18 18 18 18 18 18 
Days on experiment 56 56 56 56 56 56 56 
Avg daily ration, lb 2.5 2.6 2.6 2.5 2.6 2.6 2.7 
Avg initial wt, lb 58.9 58.3 58.1 58.6 58.1 58.6 57.5 
Avg final wt, lb 86.6 90.2 88.3^ 87.5 87.9 90.8 90.8 
Avg daily gain, lb 0.49 0.57^ 0.54» 0.52 0.53 0.58® 0.59a 
Feed/gain 5.0 4.6 4.8 4.8 4.9 4.5 4.5 
Wool growth rate. 
g/100 cm^ 5.4 5.8^ 5.9^ 5.5 5.3 5.9® 6.3a 
Dressing percent 53.0 52.7 53.4 54.2 52.1 53.0 52.2 
Federal grade^ 12.3 12.2 12.8 12.4 12.5 12.4 12.4 
Backfat thickness 0.29 0.28 0.30 0.28 0.29 0.34 0.30 
Ribeye area/cwt 
carcass 4.1 3.9 3.9 4.1 4.0 4.0 4.0 
^Significantly greater than control (P<.01). 
^Significantly greater than control (P<.05). 
^11 = average choice; 12 " high choice; 13 = low prime. 
All additions tested gave Improvements in average daily gain and feed 
efficiency. Choline supplementation alone increased average daily gain by 
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about 8%, whereas a combination of choline and m-analog gave a lesser 
(about 5%) improvement in average daily gain. Feed efficiencies for these 
two treatments were only about 3% improved over the control lambs. Differ­
ences in gain and feed efficiency due to choline supplementation were non­
significant (P>.05). M-analog supplementation at 0.6 g daily resulted in 
improved performance in daily gain and feed efficiency over that of lambs 
receiving 1.2 g m-analog per lamb daily (P<.05). The low level of m-analog 
supplementation and both levels of herring meal supplementation resulted in 
significant (P<.01) improvement in gain over control lambs. Feed effi­
ciency was also markedly improved with these three treatments (8%, 10% and 
10%, respectively). Significant improvements in wool growth were noted in 
lambs supplemented with both levels of m-analog and both levels of herring 
meal (P<.01). The 4% herring meal supplement gave greater wool growth 
response than did either level of m-analog or the 2% herring meal supple­
ment (P<.05). 
Lamb feeding experiment 5 
Results of the previous experiments reported in this work suggest 
that there is a deficiency of one (methionine) or more amino acids in some 
lamb diets that can be alleviated by increasing the available amount of 
amino acids post-ruminally. M-analog is somewhat insoluble in the rumen 
and, therefore, offers an increase in available methionine at the site of 
absorption. Likewise, herring meal is relatively insoluble in the rumen 
and offers an increase in essential amino acids post-ruminally. Casein, 
on the other hand, is almost entirely soluble in the rumen and, even though 
it has a desirable balance of amino acids, it would not directly provide 
an increase in amino acids posterior to the rumen. 
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Proteins can be rendered insoluble in the rumen by various chemical 
treatments. Formaldehyde treatment of protein has been demonstrated to 
reduce protein solubility markedly (as indicated by laboratory studies to 
be reported herein). Therefore, the purpose of the present experiment was 
to test the effects of formaldehyde treatment of a high-quality, highly 
soluble protein (casein) and a high-quality, lowly soluble protein (herring 
meal) on average daily gain, feed efficiency and carcass characteristics 
of finishing lambs. These protein sources were compared with treated 
versus untreated soybean meal. This experiment was also designed as a 
continuation of tests to evaluate the effects of preformed protein or 
m-analog supplementation of high-energy lamb rations. 
A total of 173, mostly blackfaced, Texas lambs (ewes and wethers) 
was purchased for this experiment. These lambs were purchased from San 
Angelo, Texas and were shipped by rail to the research farm, being in 
transit 5 days. The lambs were offered alfalfa hay free choice for the 
first week after arrival and were gradually accustomed to a completely-
mixed, low-energy ration over about a 2-week period. During this 2-week 
period the lambs were drenched for internal parasites, vaccinated against 
enterotoxemia and eartagged.® Allotment consisted of randomly placing 
(on a stratified weight basis) 140 lambs into 20 pens of seven lambs each. 
Initial, periodic and final weights were taken as described in previous 
experiments. 
Experimental design and percentage composition of rations are outlined 
in Table 12. The lambs were offered a low level of the test rations 
initially, and were gradually brought to a full feed over about a 2-week 
period.. Formaldehyde treatment of proteins consisted of mixing sufficient 
Table 12. Percentage composition of rations (lamb feeding experiment 5) 
Ration treatment 
Treated and Treated and Treated and 4% 0.6 g 1.2 g 
untreated untreated untreated herring 
Item Basal casein soybean meal fish meal meal m-analog m-analog 
Whole shelled corn 75.5 74.4 72.5 74.2 72.8 75.4 75.4 
Ground corn cobs 15.0 15.0 15.0 15.0 15.0 15.0 15.0 
Molasses 5.0 5.0 5.0 5.0 . 5.0 5.0 5.0 
Urea 1.5 1.0 1.0 1.0 0.5 1.5 1.5 
Limestone 1.0 1.0 1.0 0.9 0.9 1.0 1.0 
Dicalcium phosphate 0.4 0.4 0.3 0.3 0.2 0.4 0.4 
Trace mineral salt 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
Vitamin A premix* 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Stilbestrol premix 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
Methionine analog —  —  —- — —  0.05 0.10 
Herring meal — —  — 2.0 4.0 — —  — 
Soybean meal — —  — —  3.6 — — — ——- — 
Casein 1.6 
*5000 I.U. vitamin A/lb. 
^2 g diethylstilbestrol/lb. 
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quantity of a 10% formaldehyde solution to furnish 1 g of formaldehyde 
per 100 g of protein source. This mix was then allowed to react at room 
temperature for 48 hours before being mixed in a complete ration. 
The heavier lambs in this experiment were slaughtered after 84 days 
on trial, while the remainder of the lambs remained on test for 112 days. 
At the termination of the trial a final shrunk weight was taken as 
described earlier. After slaughter, each lamb carcass was tagged and 
the following information obtained: hot carcass weight, federal grade, 
longissimus muscle area measurements and backfat measurements. 
A serious outbreak of coccidiosis occurred during the early part of 
this trial and markedly depressed performance of lambs on all treatments 
during the first few weeks. All lambs were given a bolus of sulfa drug, 
and individual lambs were retreated if symptoms reappeared. 
Results of lamb feeding experiment 5 are presented in Tables 13 and 
14. Formaldehyde treatment of protein did not significantly (P>.05) 
affect lamb performance with any of the protein sources tested (Table 13). 
In this experiment, soybean meal, herring meal at 2 and 4% of the ration, 
and m-analog at 0.6 and 1.2 g per lamb daily markedly improved average 
daily gain (Table 14) over that of the control lambs and those receiving 
casein. The lambs receiving casein had only slightly better gains and 
were less efficient in feed conversion than were the control lambs. 
Due to a mistake by a laboratory technician, identification of the 
basal wool samples was lost and, therefore, subsequent wool growth 
measurements could not be compared to the basal. Thus, wool growth 
measurements are not reported for this experiment. 
Table 13. Feedlot performance and carcass characteristics of lambs fed formaldehyde treated 
proteins (lamb feeding experiment 5)® 
Ration treatment 
Treated Untreated Treated Untreated Treated Untreated 
Item casein casein soybean meal soybean meal fish meal fish meal 
Number of lambs 14 14 14 14 14 14 
Avg daily ration, lb 2.3 2.5 2.5 2.5 2.4 2.4 
Avg initial wt, lb 58.5 63.0 60.0 60.9 58.5 60.5 
Avg final wt, lb 102.1 102.5 104.1 102.6 105.0 104.6 
Avg daily gain, lb 0.42 0.41 0.44 0.46 0.45 0.44 
Feed/gain 5.5 6.1 5.6 5.4 5.4 5.5 
Dressing percent 52.9 54.0 52.8 50.8 52.0 52.8 
Federal grade 9.8 10.9 10.2 10.1 10.6 9,6 
Backfat thickness 0.27 0.20 0.20 0.16 0.21 0.25 
Ribeye area/cwt carcass 4.1 4.1 4.0 4.1 4.1 4.5 
heavier lambs were marketed at 84 days; lighter lambs at 112 days. 
^9 = high good; 10 = low choice; 11 «= average choice. 
Table 14. Feedlot performance and carcase characteristics of lambs fed various sources of preformed 
protein or m-analog (lamb feeding experiment 5)^ 
Ration treatment 
Basal Casein 
Soybean 
meal 
2% fish 
meal 
4% fish 
meal 
0.6 g 
m-analog 
1.2 g 
m-analog 
Number of lambs 14 14 14 14 14 14 14 
Avg daily ration, lb 2.2 2.5 2.5 2.4 2.6 2.5 2.5 
Avg Initial wt, lb 61.6 63.0 60.9 60.5 60.5 60.0 60.7 
Avg final wt, lb 103.2 102.5 102.6 104.6 109.9 105.6 108.6 
Avg daily gain, lb 0.38 0.41 0.46 0.44 0.48 0.45 0.45 
Feed/gain 5.7 6.1 5.4 5.5 5.4 5.5 5.5 
Dressing percent 52.0 54.0 50.8 52.8 52.7 52.8 53.4 
Federal grade" 10.2 10.9 10.1 9.6 10.4 10.1 10.7 
Backfat thickness 0.19 0.20 0.16 0.25 0.25 0.26 0.24 
Ribeye area/cwt carcass 4.2 4.1 4.1 4.5 3.9 3.9 4.1 
heavier lambs were marketed at 84 days ; lighter lambs at 112 days. 
^9 = high good; 10 = low choice; 11 = average choice. 
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The differences in average daily gain were quite large between some 
treatments. These differences were not statistically significant (P>.05) 
though, because of large animal variation. Much of this variation can be 
attributed to the coccidiosis outbreak which severely affected early 
performance of several of the lambs. 
In Vitro Trials 
The procedures used in all in vitro experiments reported herein were 
a modification of the Tilley and Terry (1963) technique as adapted for use 
by the Iowa State University Animal Sciences and Agronomy Departments in 
forage evaluation research. This procedure was selected for use since it 
offered the opportunity to measure, with certain modifications, both dry 
matter digestibility and protein solubility on the same sample. The 
procedure used is outlined in the following paragraphs. Modifications 
were made in succeeding experiments, and these are pointed out in the 
appropriate places. 
Samples were prepared by drying in a forced draft oven at 50 C for 
24 hours and grinding in a Wiley Mill to a fineness of 1.2 to 1.3 mm. 
The bottles were tightly capped and cooled before samples (250 mg) were 
weighed onto glassine weighing papers. The weighed sample was then 
transferred to a numbered 50 ml polyethylene centrifuge tube. 
Rumen contents were removed through a permanent fistula from a steer 
being maintained on a diet of alfalfa hay plus 2 lb of com daily. The 
liquor was strained through four layers of cheesecloth into a prewarmed 
thermos. This rumen liquor was then added to a prewarmed (38 C) buffer 
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solution (McDougall, 1948) at a ratio of one part liquor to four parts 
buffer. Composition of the buffer solution is listed in Table 15. The 
buffer-rumen mixture was added to the tubes as a 25-ml aliquot from an 
automatic pipetting machine. After all the samples were inoculated each 
tube was flushed with CO^, using a gas dispersion tube, and stoppered 
with a gas release valve. The tubes were then swirled and the water bath 
covered. The timing for the fermentation period was begun at this point. 
Table 15. Composition of artificial saliva (McDougall's solution) 
Salt g/liter 
NaHCOg 9.80 
NaHP04-12H20 9.30 
NaCl 0.47 
KCl 0.57 
CaCl2 (anhyd) 0.04 
MgCl2 (anhyd) 0.06 
At the end of the fermentation period the tubes were removed from the 
water bath and 1 ml HgCl2 (5%) was added to each tube to stop microbial 
activity. The tubes were then centrifuged at 9000 rpm for 20 minutes in 
an International refrigerated centrifuge (4 C). 
Ten milliliters of the supernatant fluid was pipetted to a 30 ml 
polyethylene storage bottle containing 2 ml of meta phosphoric acid 
(25% w/v). These samples were used for analysis of ammonia. 
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The remainder of the supernatant fluid was decanted and discarded. 
After discarding the supernatant, 25 ml of freshly-made pepsin solution 
(2 g pepsin/liter) was added to each tube. The tubes were then incubated 
for 48 hours at 38 C. At the end of this stage the tubes were removed from 
the water bath, and the residue from each sample was washed into a 
scintered glass crucible (50 ml, coarse) that was previously dried at 100 C 
for 24 hours, cooled in a desiccator and weighed to a constant weight. The 
residue was then dried and dry weight of the residue was calculated using 
the following equation: 
% DDM = ^50 me - (sample + crucible) - (crucible) - (blank) x 100 
250 mg 
All in vitro trials were duplicated for replication. 
Ammonia was determined by the procedure of Conway (1950) using potas­
sium carbonate in the outer chamber and 0.1 N HCl in the inner chamber. 
Nessler's reagent was used to colorimetrically determine the ammonia. 
Ammonia production was used as an indication of protein solubility. By 
applying a dilution factor, the amount of ammonia formed as a percentage 
of total nitrogen in the sample could be determined. Total nitrogen in the 
sample was determined by the Kjeldahl method. 
Formaldehyde treatment of proteins was accomplished by adding the 
various quantities of the proper solution to the protein source. The 
formaldehyde-protein mixture was then thoroughly mixed and allowed to react 
for 24 hours. At the end of this 24 hour period, the samples were placed 
in a vacuum oven (20 ppsi @ 50 C) and were dried to a constant weight. 
These proteins were then kept in glass storage jars. 
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In vitro trial 1 
Treatment of protein with formaldehyde renders it insoluble to 
microbial attack. It has been demonstrated that the tanning effect of 
formaldehyde is due, in large part, to the cross-linkage cf protein chains 
and micellar units by methylene bonds connecting reactive groups. It is 
generally accepted that formaldehyde reacts most readily with primary amino 
groups. The combining capacity of various proteins for formaldehyde is 
dependent on the nature and abundance of reactive groups (Walker, 1964). 
The purpose of ^  vitro experiment 1 was to test the solubility of various 
protein sources after treating with graded levels of formaldehyde. 
The samples selected for testing in this experiment were herring meal, 
soybean meal, dehydrated alfalfa meal and casein. Levels of formaldehyde 
tested were 0, 0.25%, 0.50% and 1.0% solutions, added at the rate of 1 ml 
per g of protein source. Also, in this experiment, fermentation times of 
3, 6, 12 and 24 hours were studied in relation to formaldehyde treatment. 
In this experiment only ammonia formation was studied, and ammonia produc­
tion is reported as percent of the untreated sample. Results of i^ vitro 
trial 1 are presented in Table 16. 
With each protein source tested, treatment with formaldehyde resulted 
in significant decreases in ammonia production (P<.01). The actual amount 
of ammonia produced was highest with casein, followed by soybean meal, 
herring meal and dehydrated alfalfa meal, respectively. The percent of 
nitrogen in the sample, which came off as ammonia, followed the same 
pattern. Percent nitrogen as amnonia was 86, 77, 44 and 43 for casein, 
soybean meal, herring meal and dehydrated alfalfa meal, respectively. 
These values give some indication of soluble nitrogen content in the 
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untreated samples, but are not completely accurate since some of the 
ammonia is utilized in synthesis of bacterial protein. 
Table 16. In vitro trial 1. Ammonia production (percent of untreated)' 
treatment 
Fermentation time 
12 24 
Herring meal 
0.25% ŒgO 
0.50% CHgO 
1.00% Œ2O 
Soybean meal 
0.25% CE2O 
0.50% CEgO 
1.00% CHgO 
Dehydrated alfalfa meal 
0.25% CH2O 
0.50% CH-O 
1.00% CHgO 
Casein 
0.25% ŒgO 
0.50% ŒgO 
1.00% CHgO 
82 
82 
62 
68 
39 
40 
81 
74 
52 
60 
57 
47 
80 
65 
38 
34 
15 
14 
63 
46 
40 
49 
36 
24 
66 
49 
34 
9 
4 
5 
35 
31 
22 
33 
20 
12 
36 
28 
23 
10 
3 
3 
49 
36 
18 
30 
14 
8 
^Percent of total nitrogen as ammonia in untreated samples at 24 hours 
fermentation time was 86, 77, 44 and 43 for casein, soybean meal, herring 
meal and dehydrated alfalfa meal, respectively. 
Effectiveness of formaldehyde treatment varies with the protein 
treated and with the concentration of formaldehyde. Herring meal and 
dehydrated alfalfa meal appear to be less affected by formaldehyde treat­
ment than either casein or soybean meal. However, the herring meal and 
dehydrated alfalfa meal samples were less soluble originally than were the 
others. It would appear from this initial study that a level of at least 
1.00% formaldehyde is necessary to make the proteins very insoluble. 
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Soybean meal seems to be an exception to this, however, since even at the 
level of 0.25% formaldehyde treatment, only 10% as much ammonia was pro­
duced as in the untreated control. 
In vitro trial 2 
Results of i^ vitro trial 1 indicated the effectiveness of formalde­
hyde in reducing the solubility of various proteins in an artificial rumen 
medium. A level of 1.00% formaldehyde appeared to be more effective than 
lower levels of formaldehyde. The purpose of experiment 2 was to test 
higher levels of formaldehyde (1, 2 or 4 g/100 g protein source) and 
different concentrations of formaldehyde (1, 2 or 4% formaldehyde added 
at a rate of 1 ml solution/g sample, or a 10% formaldehyde solution added 
at a rate of 1 ml/10 g, 2 ml/10 g or 4 ml/10 g sample). The protein 
sources tested in this experiment were soybean meal, herring meal and 
dehydrated alfalfa meal. Fermentation times studied were 4, 8, 12 and 24 
hours. Both ammonia production and percent digestible dry matter were 
measured in this experiment. Results of vitro experiment 2 are pre­
sented in Tables 17 and 18. 
Ammonia production was lowered significantly (P<.01) with all levels 
of formaldehyde treatment at the 24-hour fermentation time. This is in 
agreement with in vitro trial 1. Differences among protein sources tested 
are also similar to the first trial. Actual ammonia levels were somewhat 
lower for soybean meal in this trial compared to trial 1 (57% vs 77% of 
total nitrogen in the sas^le). However, the actual levels of ammonia 
formed for dehydrated alfalfa meal and herring meal were nearly the same 
between the two trials (44 vs 43% for dehy, and 40 vs 44% for herring meal). 
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Again, as in trial 1, formaldehyde treatment of soybean meal appeared to 
be much more effective in reducing solubility than with either dehydrated 
alfalfa meal or herring meal. Adding a lesser amount of a more concen­
trated solution appeared to be as effective as adding the same level of 
formaldehyde in a more dilute solution. Also, 1 g of formaldehyde per 100 
g of protein source seemed to be as effective as 2 or 4 g per 100 g. 
Table 17. In vitro trial 2. Ammonia production (percent of untreated)^ 
Treatment^ 
Fermentation time 
4 8 12 24 
Soybean meal 
Untreated — — 
1 g- 1% 9 6 1 3 
2 g- 2% 13 6 2 3 
4 g- 4% 32 13 5 5 
1 g-10% 7 4 1 5 
2 g-10% 22 6 3 5 
4 g-10% 36 12 7 6 
Herring meal 
Untreated — —— 
1 g- 1% 46 41 30 20 
2 g- 2% 35 36 27 17 
4 g- 4% 31 30 26 15 
1 g-10% 43 43 30 22 
2 g-10% 37 35 25 14 
4 g-10% 33 29 21 11 
Dehydrated alfalfa meal 
Untreated — ~ 
1 g- 1% 67 89 32 17 
2 g- 2% 65 82 31 16 
4 g- 4% 91 114 42 19 
1 g-10% 61 66 26 23 
2 g-10% 56 83 27 23 
4 g-10% 85 117 45 29 
Percent of total nitrogen as ammonia in untreated samples was 57, 40 
and 44 for soybean meal, herring meal and dehydrated alfalfa meal, respec­
tively, at 24 hours fermentation time. 
^Grams formaldehyde added per 100 g protein source, and percent 
formaldehyde in solution added. 
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Table 18. In vitro trial 2. Percent digestible dry matter 
Treatment* 
Fermentation time 
4 8 12 24 
Soybean meal 
Untreated 27.4 37.5 53.2 65.3 
1 g- 1% 24.3 26.2 29.4 32.6 
2 g- 2% 25.5 24.4 30.0 28.3 
4 g- 4% 22.4 20.4 22.7 24.9 
1 g-10% 22.2 25.7 29.2 32.9 
2 g-10% 21.4 22.5 28.0 26.0 
4 g-10% 21.6 19.3 21.6 21.1 
Herring meal 
Untreated 15.5 12.9 14.4 21.5 
1 g- 1% 5.0 4.5 4.5 6.4 
2 g- 2% 7.7 4.4 5.6 8.1 
4 g- 4% 7.7 6.9 4.3 9.0 
1 g-10% 8.5 9.5 8.0 11.0 
2 g-10% 9.2 6.0 6.1 7.1 
4 g-10% 9.1 4.7 6.4 8.3 
Dehydrated alfalfa meal 
Untreated 30.7 41.0 40.0 46.3 
1 g- 1% 30.9 34.0 36.3 41.7 
2 g- 2% 27.3 30.9 34.3 37.7 
4 g- 4% 26.5 32.7 30.6 34.2 
1 g-10% 27.2 36.7 34.7 40.0 
2 g-10% 25.0 34.3 32.9 37.3 
4 g-10% 26.9 27.9 29.0 31.8 
^Grams formaldehyde added per 100 g protein source, and percent 
formaldehyde in solution added. 
At the 24-hour fermentation time, formaldehyde treatment Inhibited 
dry matter digestibility of soybean meal and herring meal at all levels 
tested (P<.01). The amount of formaldehyde used to treat the proteins 
did have an effect on digestibility of substrate. Concentration of 
formaldehyde did not seem to influence digestible dry matter, whereas 
absolute amount of formaldehyde added did. Samples treated with 4 g 
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formaldehyde were the least digestible, while those treated with 1 g 
formaldehyde were more digestible than samples treated with 2 or 4 g of 
formaldehyde. 
In vitro trial 3 
Results of the first two iji vitro trials reported show that formalde­
hyde does reduce protein solubility markedly. Further, these results show 
that very low levels of formaldehyde (1%) are as effective as higher 
levels. However, even though the lower levels of formaldehyde treatment 
reduce solubility as much as higher levels, the higher levels have more 
effect in reducing digestibility. This indicates that some residual 
formaldehyde may remain in these samples and is released during fermenta­
tion, which may cause some bacteriostasis. Therefore, the purpose of 
in vitro experiment 3 was to test the effects of treating soybean meal with 
graded levels of formaldehyde, or adding various levels of formaldehyde 
directly to the fermentation medium, and measuring effects on dry matter 
digestibility and ammonia formation. Levels of formaldehyde added to the 
soybean meal were 1 ml of either a 0.00, 0.25, 0.50, 1.00, 2.00 or 4.00% 
solution per gram of sample; and 1.25, 2.50, 5.00, 10.00 or 20.00 ml of a 
10% solution added per 50 g of sample to give equal levels of formaldehyde 
as the first set. In the other phase of this same experiment, 1 ml of 
the following percent formaldehyde solutions was added directly to the 
fermentation medium: 0.00, 0.01, 0.02, 0.04, 0.06, 0.08, 0.10, 0.20, 0.30, 
0.40, 0.50 or 1.00. Fermentation times studied were 6, 12 and 24 hours, 
and the results are shown in Tables 19 and 20. 
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Table 19. In vitro trial 3. Ammonia production from untreated and 
formaldehyde treated soybean meal (percent of control) 
Fermentation time 
Treatment 6 12 24 
Untreated 
0.25 g-0.25%® 24 13 35 
0.25 g-10% 72 60 76 
0.50 g-0.50% 23 11 16 
0.50 g-10% 35 39 57 
1.00 g-1% 17 6 11 
1.00 g-10% 17 7 7 
2.00 g-2% 17 7 8 
2.00 g-10% 21 7 7 
4.00 g-4% 28 11 12 
4.00 g-10% 27 11 8 
CHnO added to medium, % concentration^ 
1.0 30 18 24 
0.5 35 19 21 
0.4 36 28 32 
0.3 39 35 57 
0.2 46 48 76 
0.1 64 68 85 
0.08 86 86 91 
0.06 79 90 92 
0.04 92 97 92 
0.02 104 100 88 
0.01 92 102 92 
0.00 — 
^Amount of formaldehyde added per 100 g soybean meal - concentration 
of formaldehyde solution added. 
1 ml of various formaldehyde solutions added per tube. 
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Table 20. In vitro trial 3. Percent digestible dry matter of untreated 
and formaldehyde treated soybean meal 
Fermentation time 
Treatment 6 12 24 
Untreated 60.9 60.7 71.4 
0.25 g-0.25%* 58.8 66.8 69.2 
0.25 g-10% 58.7 62.3 67.3 
0.50 g-0.5% 53.8 62.3 70.6 
0.50 g-10% 52.9 56.9 64.2 
1.00 g-1% 48.6 46.4 59.7 
1.00 g-10% 47.8 46.2 58.7 
2.00 g-2% 44.3 41.0 52.6 
2.00 g-10% 28.6 30.4 42.5 
4.00 g-4% 35.7 34.0 41.0 
4.00 g-10% 32.4 35.8 36.9 
CHQO added to medium. % concentration^ 
1.0 51 = 6 50.8 53.2 
0.5 55.0 50.5 63.2 
0.4 57.2 55.6 62.8 
0.3 51.5 59.4 60.8 
0.2 55.8 57.1 61.4 
0.1 57.5 59.2 69.7 
0.08 60.2 55.3 69.8 
0.06 56.3 59.6 70.0 
0.04 60.4 60.4 68.7 
0.02 60.8 62.0 69.8 
0.01 56.6 60.4 70.8 
0.00 58.6 58.4 72.5 
^Amount of formaldehyde added per 100 g soybean meal - concentration 
of formaldehyde solution added. 
^1 ml of various formaldehyde solutions added per tube. 
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As in the first two trials reported, levels of formaldehyde below 1 g 
per 100 g sample seem to be less effective than the 1-g level or higher. 
Also, it appears that it is important to add enough solution, regardless 
of concentration, for reaction to take place. As seen in Table 19, the 
0.25 g and the 0.50 g levels of the 10% formaldehyde solution were rela­
tively ineffective in reducing solubility, while the same absolute amounts 
of formaldehyde, but at lower concentrations, were effective. 
When formaldehyde was added directly to the fermentation medium, 
concentrations of 0.2% and above caused significant (P<.01) decreases in 
ammonia produced at 24 hours fermentation time. This reduction in 
proteolysis is assumed to be due to the bacteriostatic effect of high 
levels of formaldehyde. These levels of formaldehyde (0.2% and above) 
would be much higher than any residual formaldehyde in the treated pro­
teins used in these experiments. For example, if a 0.25 g level of soybean 
meal treated with 1% formaldehyde was used as substrate, then only 2.5 mg 
formaldehyde would have been added. It must be assumed that a large por­
tion of this reacted with the protein; thus, residual formaldehyde, if any, 
would be much lower. When added directly to the medium, 1 ml of a 0.2% 
formaldehyde solution would add 2 mg of formaldehyde. 
Digestible dry matter percentage, as in previous experiments, was 
directly related to ammonia production. When 100 g of soybean meal was 
treated with 1 g or more of formaldehyde, digestibility was significantly 
reudced (P<.01). When formaldehyde solutions of 0.2% or higher were added 
directly to the fermentation medium, digestibility was significantly 
reduced (P<.01) at 24 hours fermentation time. 
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In vitro trial 4 
The purpose of ^  vitro trial 4 was to test the effects of formalde­
hyde treated soybean meal on dry matter digestibility of a substrate 
containing either com grain or com starch. The soybean meal was added 
at the rate of 10% to either regular or roasted corn, and at the rate of 
27.5% to the com starch, to give equal nitrogen levels in all three 
energy sources. Soybean meal was treated with either 2 or 4% solutions 
(1 ml/g) or with a 10% solution (either 10 or 20 ml/50 g) of formaldehyde. 
These treatments were shown in previous trials to markedly decrease 
digestibility of soybean meal. Results of in vitro trial 4 are presented 
in Table 21. 
Table 21. In vitro trial 4. Percent digestible dry matter 
Energy and protein treatment 
Fermentation time 
4 8 12 24 
Roasted com 
Untreated 27.7 47.6 58.2 76.1 
2 g- 2% 20.7 41.0 46.7 73.2 
4 g- 4% 24.2 40.8 49.2 72.6 
2 g-10% 24.7 40.8 51.0 75.0 
4 g-10% 23.6 41.2 49.8 72.0 
Regular com 
Untreated 20.2 50.8 58.0 80.2 
2 g- 2% 23.6 43.0 58.0 70.9 
4 g- 4% 25.7 45.4 51.7 69.4 
2 g-10% 24.9 44.0 51.2 73.8 
4 g-10% 23.7 41.2 53.4 75.8 
Com starch 
Untreated 33.4 52.4 65.6 87.3 
2 g- 2% 25.6 38.0 48.9 71.4 
4 g- 4% 22.8 35.1 45.4 71.7 
2 g-10% 24.2 35.6 47.0 67.8 
4 g-10% 22.3 33.4 44.8 68.9 
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Although in each case formaldehyde treated soybean meal decreased 
digestibility of the total substrate, the amount of decrease was never 
more than the amount of soybean meal added. With roasted com, the 
decrease in digestibility averaged only about 4%, while the decrease 
averaged 10% with regular com and about 20% with corn starch. Digesti­
bility of roasted com was lower than regular com (nonsignificant, 
P>.05). Except for the initial sampling time at 4 hours, the relative 
differences in digestibility due to formaldehyde treatment did not vary 
much with fermentation time. Also, there were no significant differences 
between the four formaldehyde treatments applied. 
Soluble nitrogen content of formaldehyde-treated proteins 
In vitro rumen fermentation experiments indicate a definite decrease 
in nitrogen solubility (or availability) when various proteins have been 
treated with formaldehyde. The purpose of this experiment was to test the 
solubility of these various treated proteins in several solutions. Dilute 
sodium hydroxide (.02 N), distilled water, rumen fluid and Mcllvaine 
buffers (pH 3.2 and 7.2) were used as solvents. 
The rumen fluid was prepared in the following manner. Rumen ingestum 
was obtained from a fistulated steer, strained twice through four layers 
of cheesecloth and centrifuged in an International refrigerated centrifuge 
at 2000 rpm for 5 minutes to remove suspended feed particles. The liquor 
was then passed through a Sharpies super-centrifuge to remove microorgan­
isms. 
The Mcllvaine buffers were prepared according to Kolthoff (1937). 
For the pH 3.2 buffer, 0.1 M citric acid and 0.2 M disodium phosphate were 
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added at the ratio of 15.06:4.94. For the pH 7.2 buffer the ratio of 
citric acid to disodium phosphate was 2.61:17.39. 
The nitrogen extraction technique reported by Lyman, Kuiken and Hale 
(1956) was used with some modifications. A 1-g sample of finely ground 
feed was placed in a 250 ml Erlenmeyer flask containing three glass beads. 
One hundred milliliters of the respective solvent were added along with 
two drops of octyl alcohol to control foaming. The flasks were stoppered 
and shaken on a Fisher-Kahn mechanical shaker at room temperature for 1 
hour. They were allowed to set for 1 hour and the liquid decanted. The 
suspended residue was separated from the decanted liquid by centrifugation 
(5000 rpm for 10 minutes) and filtration through scintered glass crucibles 
(50 ml, coarse). Fifty milliliters of the supernatant liquid were pipetted 
into a Kjeldahl flask, and the total nitrogen in the aliquot was determined 
by the usual Kjeldahl procedure. The total nitrogen in each feed was 
determined, and the soluble nitrogen was expressed as the percent of the 
total nitrogen. 
Percent soluble nitrogen of formaldehyde-treated and untreated 
proteins is presented in Table 22. Protein sources tested in this experi­
ment were herring meal, soybean meal, and dehydrated alfalfa meal. 
Treatment of proteins with formaldehyde reduced solubility in all solvents 
tested except the pH 3.2 buffer. This is consistent with the theory of 
formaldehyde reaction with protein. Formaldehyde-treated proteins are 
usually stable to the action of alkalies, but are not as resistant under 
acidic conditions (Walker, 1964). 
Solubility was highest in .02 N NaOH for all three proteins tested. 
However, solubility in nimen fluid had the highest correlation with in 
vitro digestibility and ammonia production on these same sauries. 
Dehydrated alfalfa meal had a higher level of soluble nitrogen in the 
treated proteins, probably due to a high level of nonprotein nitrogen in 
dehy which would not have reacted with formaldehyde. In most of the sol­
vents tested, soybean meal was more soluble than herring meal. Although 
this experiment gives some indication of effectiveness of formaldehyde 
treatment in reducing solubility of proteins, it does not necessarily give 
a true picture of solubility of such proteins in the rumen environment. 
Table 22. Percent soluble nitrogen in formaldehyde treated proteins 
(percent of total nitrogen) 
Solvent used 
HgO 
.02 N Rumen Mcllvaine Mcllvaine 
Protein and treatment NaOH fluid PH 3.2 dH 7.2 
Herring meal 
Untreated 22.0 36.8 16.9 23.5 20.8 
1 g- 1% 15.4 29.1 8.0 20.6 8.1 
2 g- 2% 14.6 21.9 3.1 25.1 6.8 
4 g- 4% 3.9 20.3 2.8 27.1 10.0 
1 g-10% 5.1 23.3 4.5 21.6 8.0 
2 g-10% 9.9 16.8 4.9 24.6 7.8 
4 g-10% 13.1 15.4 4.8 22.6 7.1 
Soybean meal 
Untreated 23.4 46.3 23.1 30.0 31.6 
1 g- 1% 12.3 22.8 2.7 25.8 19.5 
2 g- 2% 9.4 17.0 3.4 35.5 13.0 
4 g- 4% 10.4 24.0 4.2 27.2 10.9 
1 g-10% 14.5 19.1 2.2 26.0 3.0 
2 g-10% 8.4 19.6 7.9 26.9 6.0 
4 g-10% 12.3 23.0 1.6 26.5 7.8 
Dehydrated alfalfa meal 
Untreated 20.0 41.4 32.0 39.8 35.4 
1 g- 1% 17.6 23.9 15.4 34.4 15.6 
2 g- 2% 20.7 27.6 16.2 42.6 18.5 
4 g- 4% 18.5 22.9 9.4 36.6 18.9 
1 g-10% 14.8 26.7 14.7 36.1 16.4 
2 g-10% 15.8 28.4 13.7 36.4 16.4 
4 g-10% 24.0 20-.4 15.0 29.9 15.0 
GENERAL DISCUSSION 
In four of five lamb feeding experiments conducted, addition of 
m-analog resulted in increased gain or feed efficiency, or both. The 
approximate magnitude of response varied from 24% improvement in gain 
with 0.6 g m-analog daily in experiment 1 to a 4% improvement in gain in 
experiment 2. In experiment 3, m-analog supplementation at 0.45 g per 
lamb daily resulted in about a 5% decrease in gain. Improvements in feed 
efficiency varied from 12% with 0.6 g m-analog in experiment 1 to 4% 
with the 0.6 g level in experiment 5. There was nearly a 4% decrease in 
efficiency of feed conversion when 0.45 g m-analog per lamb daily was fed 
in experiment 3. 
In experiment 1, some benefit was shown in gain and efficiency when 
either 0.3 or 0.6 g m-analog daily was fed in a ration containing some 
urea. In the diets containing no urea, there were no significant differ­
ences between the five levels of m-analog fed, even though the highest level 
(2.4 g daily) resulted in an approximate 10% decrease in average daily gain. 
There was a significant (P<.01) interaction between urea treatment and 
mt-analog treatment. 
There was no consistent response with any one level of m-analog sup­
plemented in these five trials. The most benefit received was from levels 
of 0.3, 0.3, 0.0, 0.6 and 0.6 g per lamb daily in experiments 1 through 5, 
respectively. 
In five experiments in which urea was fed, m-analog supplementation 
resulted in an average of 8% improvement (0.47 vs 0.50) in average daily 
gain and 4% improvement (6.1 vs 5.9) in feed efficiency. These comparisons 
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involved a total of 200 lambs of variable size, age and breeding. In 
experiments 2 and 3 the lambs fed were somewhat heavier initially, and 
response to m-analog supplementation was negligible, even though the lambs 
made good gains. 
These results are indicative of a methionine insufficiency. It is 
possible to predict methionine requirements of growing lambs by using the 
concepts presented by Burroughs (1971). Amino acid composition of 
sheep protein is first estimated (Table 23) using data originating from 
Block and Boiling (1945), N.R.C. (1964), Burroughs et al. (1971), and 
Broad, Gillespie and Reis (1970). The remaining steps in determining 
metabolizable requirements are thé same as used by Burroughs e^ (1971). 
Protein content of tissue gain was adapted from Burroughs e^ al.. (1971) 
and Rouse (1969). These data are presented in Table 24. 
Table 23. Amino acid composition of sheep protein (expressed in percentage 
of protein dry matter 
Block and N.R.C. Burroughs et al. Broad, Gillespie 
Boiling (1964) (1971)-adapted and Reis (1970) 
Amino acid (1945) meat scraps cattle wool protein 
Leucine 10.8 6.5 8.6 3.5 
Lysine 6.0 7.1 6.0 0.6 
Serine 3.9 3.9 13.0 
Threonine 4.5 3.4 4.5 10.0 
Alanine 4.0 3.6 4.0 2.9 
Isoleucine — 3.6 3.4 2.8 
Valine 4.9 4.9 5.6 
Methionine 3.0 1.5 2.3 21.0* 
Histidine 2.0 2.1 2.0 0.6 
Tryptophan 1.0 0.6 0.7 0.7 
Dispensable 
amino acids — 62.8 59.7 39.3 
^Total sulfur containing amino acids. 
Table 24. Metabolizable protein and metabolizable methionine requirements for feedlot lambs 
1 2 3 4 5 6 7 8 9 10 
Protein* 
Total® Average content Net^ Net^ Tissue^ Protein® Total^ 
Body daily of tissue protein protein net deposited net metabolizable Metabolizable 
weight gain gain gain maintenance protein in wool protein protein methionine 
(lb) (lb) (%) (R) (e) (R) (e) (e) (%) (%) 
60 0.50 20.0 46.0 10.4 56.4 5.0 61.4 102.4 2.2/1.7 
70 0.50 18.0 41.4 11.9 53.3 5.0 58.3 97.2 2.0/1.7 
80 0.50 16.0 36.8 13.2 50.0 5.0 55.0 91.7 1.9/1.7 
90 0.50 14.0 32.2 14.5 46.7 5.0 51.7 86.2 1.8/1.7 
100 0.50 12.0 27.6 15.8 43.4 5.0 48.4 80.7 1.7/1.7 
110 0.50 10.0 23.0 17.1 40.1 5.0 45.1 75.2 1.5/1.7 
^Adapted from Burroughs £t. (1971) and Rouse (1969) . 
^Column 2 x column 3. 
^Maintenance protein (g) = (0.0125)(70.A 
^Column 4 + column 5. 
^Estimated from 7 lb grease wt fleece/year. 
^Column 6 + column 7. 
^Column 8 x 1.667 which assumes 40% loss in metabolism. 
^Column 6x1 667 x % methionine present in muscle protein/tolumn 7 x 1.667 x % methionine in wool 
ÎÔÔ / 100 
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From the metabolizable amino acid requirements presented in Table 24, 
it can be noted that the methionine requirement for a 70 lb lamb is 3.7 g 
per day (0.5 lb gain/day). From feed intake data it is then possible to 
predict total metabolizable methionine intake (includes both undegraded 
feed protein - methionine plus methionine from bacterial protein). 
Average metabolizable methionine intake for the basal rations fed in 
lamb feeding experiments 1 through 5 were 2.7, 2.9, 2.4, 2.2 and 1.9 g, 
respectively. None of these basal diets were adequate in methionine 
according to estimated requirements (3.7 g at 70 lb; 3.4 g at 100 lb). 
Only values for methionine are presented here since other amino acids were 
furnished in more than adequate amounts according to predicted require­
ments . 
There was considerable variation in the types of lambs fed in these 
experiments- Since requirements for amino acids vary with age of lamb, 
wool growth rate and rate of body weight gain, these predicted require­
ments are not entirely accurate. Since requirements vary with the lambs 
being fed, response to methionine supplementation will be variable. Data 
from the five lamb feeding experiments are presented graphically in 
Figure 2. Metabolizable methionine intake is plotted against percent 
increase in lamb gain with methionine supplementation. By extrapolating 
a curve from these data, it can be seen that magnitude of response to 
methionine supplementation increases as the basal level of methionine 
intake decreases below 3.5 g daily. This 3.5-g level of metabolizable 
methionine intake is within the requirement range predicted from Table 24 
(3.4 to 3.7 g/day). 
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Fm 
SBn 
4.5 4.0 3.5 3.0 2.5 2.0 
Metabollzable methionine intake, g/day 
Figure 2. Summary of response of lambs to methionine supplementation 
(lamb feeding experiments 1 through 5) . Methionine supple­
mented as methionine hydroxy analog (•), fish meal ('FM) or 
soybean meal (-SBM) 
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Bishop (1971) has reported data which show that methionine analog is 
very stable in the rumen. However, variable results have been reported 
when this compound is fed to ruminants. In general, when fed to cattle, 
m-analog has not given a beneficial response (Gossett et al., 1962; 
Beeson et al., 1970; Hale et al., 1970). Burroughs and Trenkle (1969) 
did report a benefit from m-analog supplements when fed to light-weight 
cattle. One reason for lack of response when m-analog is fed to cattle 
may be that methionine is not the first limiting amino acid in most cattle 
rations. 
Sheep have a relatively higher requirement for methionine than do 
cattle due to sulfur-containing proteins in the wool. It can be seen from 
Table 24 that the methionine required for wool growth is about equal to 
the requirement for body weight gain and maintenance. This requirement 
for wool growth is a constant requirement and must be met throughout the 
feeding period. Thus, while the methionine requirement for maintenance 
and growth decreases by about 30% from 60 lb to 100 lb (2.2 to 1.7 g/day), 
requirement for wool growth remains constant (1.7 g/day). Therefore, it 
is not surprising to note a response from methionine supplementation to 
lambs, when no response is noted in cattle. 
The response to preformed protein supplementation is probably due to 
the amino acids contained therein, which escape degradation in the rumen. 
Thus, in lamb feeding experiment 5 no response was obtained with casein 
supplementation since the casein would have been almost completely broken 
down in the rumen. A beneficial response was obtained with soybean meal 
and herring meal in this same experiment. Similarly, in experiment 1, 
those lambs receiving 7% soybean meal gained significantly more than 
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lambs receiving 3-5% soybean meal (P<.05). In experiment 4, lambs receiv­
ing either 2 or 4% herring meal had greater gains (P<.01) and greater wool 
growth (P<.01) than the control lambs. 
Because of degradation of feed proteins by rumen microorganisms, it 
is not enough to simply calculate amino acid intake. It is necessary to 
determine the amino acid content presented for absorption in the lower 
tract (metabolizable amino acids) in order to calculate amino acid 
requirements for ruminants. Unfortunately, we do not have precise 
measurements of protein solubility in the rumen or extent of microbial 
protein synthesis. It is possible, however, to make reasonable estimates 
of these two fractions. 
Burroughs e^ al. (1971) used data from factorial experiments con­
ducted by Wolf (1967) to estimate bacterial protein synthesis to be 51.2 
g per kg of feed concentrate dry matter consumed. This estimate was 
determined from both nitrogen balance and feedlot trials. In the metabo­
lizable amino acid requirements estimated for lambs (Table 24), this 
figure (51.2 g/kg concentrate dry matter consumed) was also used. 
Protein solubility in the rumen has been estimated by several 
researchers, but a good method of measuring this fraction has not been 
developed. Solubility of a protein in various solvents used in laboratory 
tests does not necessarily indicate solubility in the dynamic atmosphere 
of the rumen. With protein degradation, bacterial protein synthesis and 
absorption of ammonia from the rumen occurring simultaneously, it is 
difficult to estimate the magnitude of each one of these systems. 
McDonald (1954) and McDonald and Hall (1957) estimated that only about 
40% of zein was broken down in the rumen, whereas about 90% of casein was 
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broken down. A recent report by 0rskov, Fraser and McDonald (1971) 
presents data indicating that fish meal is only about 25 to 30% degraded 
in the rumen. Data presented by Little ^  (1968) shows soybean meal 
solubility in the rumen to be intermediate between zein and casein. 
In the in vitro fermentation studies reported herein, values of 87, 
57, 44 and 42% soluble nitrogen were obtained for casein, soybean meal, 
dehydrated alfalfa meal and herring meal, respectively, following a 24 
hour fermentation time. These values are similar to reported values. 
When these same proteins (except casein) were tested for solubility in 
various solvents, results were variable (Table 22). Solubilities of 
nitrogen in .02 N sodium hydroxide were higher than in the other solvents. 
Dehydrated alfalfa meal tended to have higher levels of soluble nitrogen 
in most solvents tested, perhaps due to a high nonprotein nitrogen frac­
tion. These results agree with those of Little et al. (1963) who con­
ducted similar tests. Solubility in any one of the solvents tested did 
not agree closely with the soluble nitrogen (NHj) levels measured in the 
in vitro fermentation studies. 
In calculating metabolizable amino acid intakes in these studies, 
protein degradation values used were 40, 60, 60 and 40% for com grain, 
soybean meal, alfalfa hay and herring meal, respectively. These are the 
same estimates used by Burroughs et al. (1971) for these same feedstuffs. 
The amino acids available to the ruminant animal are of two sources, 
microbial protein and undegraded feed protein. There is a limit to the 
amount of protein which can be synthesized by the bacteria. If we assume 
bacterial protein synthesis to be maximal with most finishing type diets, 
then the main way we can increase post-ruminal amino acid levels is to 
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affect some change in the undegraded feed protein fraction, or to feed 
individual amino acids in an insoluble form. Methionine analog supple­
mentation is an example of the latter. 
Formaldehyde treatment of proteins renders them resistant to 
ruminai degradation. In general, reaction with formaldehyde hardens 
proteins, decreases their water sensitivity, and increases their resis­
tance to the action of chemical agents and enzymes (Walker, 1964). These 
effects are due to the cross-linkage of protein chains and micellar units 
by methylene bonds connecting reactive groups. Protein groupings taking 
part in formaldehyde reactions include primary amino and amido groups, 
quanidyl groups, secondary amide groups in peptide chains, indole groups, 
mercaptan radicals, imidazole groups and phenolic nuclei. It is 
generally accepted that formaldehyde reacts most readily with primary 
amino groups. 
The laboratory studies reported herein show that treatment of pro­
teins with small amounts of formaldehyde greatly reduces solubility as 
measured by NHg production. These studies indicate that as little as 1 g 
of formaldehyde per 100 g of protein is sufficient to reduce the solubil­
ity ^  vitro to a very low level. Levels of formaldehyde above 1 g per 
100 g of protein source did not further decrease solubility. Peter et al. 
(1971) conducted similar laboratory studies and reported that levels of 
formaldehyde above 1 g per 100 g of soybean meal did further reduce 
solubility. Hemsley .e^ (1970) reported that ammonia formation during 
incubation vitro was minimized by the addition of about 1% formaldehyde 
to dried forage (25% crude protein). 
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When formaldehyde-treated proteins were fed to sheep in lamb feeding 
experiment 5, no difference in performance was noted between lambs fed the 
treated or untreated proteins (Table 13). Schmidt al. (1970) and 
Burroughs e£ (1970b) reported decreased gains and feed efficiency 
when formaldehyde-treated protein was fed to feedlot cattle. In contrast 
to these results, however, Peter e^ (1971) and Wright (1971) reported 
that lamb gains were significantly improved when formaldehyde-treated 
soybean meal was fed. In the studies reported by Peter ^  (1971) 
soybean meal was treated with 0.6% formaldehyde, whereas Wright (1971) 
treated soybean meal with 40% formaldehyde. Burroughs et al. (1970b) 
treated soybean meal with 2% formaldehyde, while Schmidt et al. (1970) 
used a 40% formaldehyde solution. 
The results of the studies reported herein indicate a deficiency of 
methionine in some lamb rations. This deficiency can be alleviated 
either by supplementing methionine in an insoluble form (m-analog) or 
by supplementing certain preformed proteins (e.g. herring meal or soybean 
meal). The response to the preformed protein supplementation is due to 
some of this protein escapting degradation in the rumen, and becoming 
available at the site of absorption. It is possible to treat proteins 
with chemicals to make them less soluble but in these studies no benefits 
were noted when treated proteins were fed. Before chemically treated 
proteins become of practical significance in ruminant diets much more 
research is needed. 
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SUMMARY 
This research was designed to study the influence of supplemental 
amino acids and preformed protein on lamb performance. Five feeding 
experiments involving 526 lambs were conducted. In addition, a series 
of laboratory studies was conducted to study the significance of formalde­
hyde treatment of proteins on ammonia production and dry matter digesti­
bility in vitro, and solubility of treated proteins in various solvents. 
In four of five feedlot studies conducted, methionine hydroxy 
analog supplementation resulted in faster rate of gain and improved feed 
efficiency. Methionine analog supplementation improved daily gain by 
about 8% and feed efficiency by approximately 4% when the results of all 
five feedlot studies were averaged. 
Supplemental fish meal or soybean meal improved daily gain signifi­
cantly in two experiments in which they were fed. Feed efficiency was 
also improved by supplementing these two sources of protein. Casein 
supplementation did not, however, improve performance over that of control 
lambs. 
Metabolizable methionine requirements for growing feedlot lambs were 
estimated, and the results of these lamb feeding experiments were compared 
with these estimates. It was estimated that the metabolizable methionine 
requirement ranges from 3.7 g per day for a 60 lb lamb to 3.4 g per day 
for a lOO lb lamb. When the results of these feeding experiments were 
plotted against metabolizable methionine intake it was noted that when 
metabolizable methionine intake was greater than 3.5 g per day, no improve­
ment in gain occurred upon methionine supplementation. Marked improvement 
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in gain due to supplemental methionine or preformed protein was noted, 
however, when total metabolizable methionine intake was below 3.5 g per 
day. 
Formaldehyde treatment of proteins markedly decreased ammonia produc­
tion and digestible dry matter percentage ^  vitro. Levels of formaldehyde 
as low as 1% (1 g formaldehyde/100 g protein) were as effective as higher 
levels in reducing solubility in vitro. However, higher levels of 
formaldehyde treatment further reduced dry matter digestibility below that 
obtained from the 1% formaldehyde treatment. 
Further experiments showed that the actual level of formaldehyde added 
is more important than concentration of the solution added, if enough total 
solution was added to allow reaction to take place. 
When formaldehyde-treated soybean meal was added to either roasted 
com, regular com or corn starch in vitro, dry matter digestibility was 
reduced, but never more than the amount of treated-soybean meal added. 
Thus, reduction of digestibility was due to the indigestible soybean meal 
added, and com grain or com starch digestibility was not affected. 
When formaldehyde-treated proteins (casein, soybean meal or herring 
meal) were fed to feedlot lambs no difference in performance was noted 
between lambs receiving the treated proteins versus those getting untreated 
proteins. These results are compared with reported results of other 
researchers. 
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